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Total and regional (i.e., arms, legs) body composition and lower extremity muscle 
strength and force assessments are commonly used within sport performance settings to 
cross-sectionally and longitudinally examine: (a) training and nutritional interventions’ 
effectiveness (Ackland et al., 2012; Hart et al., 2015); (b) the contribution of contralateral 
(i.e., between-leg) lean mass and strength asymmetries to injury/reinjury risk (Bell et al., 
2014; Bishop et al., 2018; Hewit et al., 2012; Impellizzeri et al., 2007); (c) training and 
rehabilitation progress; and (d) readiness to return to sport (RTS) following rehabilitation 
(Newton et al., 2006). Therefore, when utilized concurrently, body composition, strength, 
and force production measurements provide insight into optimizing sport performance and 
reducing lower extremity injury and reinjury risk (e.g., primary and secondary anterior 
cruciate ligament [ACL] injury) in healthy and previously injured athletes, respectively. 
To date, researchers have employed computed tomography (CT) and magnetic 
resonance imaging (MRI) to quantify upper-leg muscle cross-sectional area (CSA) and 
volume (MV) (Akagi et al., 2014; Denadai et al., 2016; Konishi et al. 2011), while others 
(Bell et al., 2014; Jordan et al., 2015; Krzykala & Leszczynski, 2015) have used dual X-
ray absorptiometry (DXA) to measure lower extremity lean mass, and contralateral upper- 
and lower-leg lean mass asymmetries, in the standard frontal view. Additionally, 
researchers have utilized open (e.g., isokinetic dynamometry) and closed (e.g., vertical 
jumping) kinetic chain tests to examine athletes’ muscle-specific and explosive (i.e., time-
restricted force production) strength. Notably, however, most current literature has 
reported examining lean mass and the preceding muscle function assessments 




among healthy and previously ACL injured-athletes, these studies have examined the 
relationship between: (a) quadriceps and hamstring CSA/MV and isokinetic knee 
extensor/flexor strength; and (b) DXA-assessed leg lean mass and force produced during 
vertical jumping. These studies have reported mixed correlations between CSA/MV and 
isokinetic peak torque (Akagi et al., 2014; Denadai et al., 2016; Masuda et al., 2003) but 
have noted a direct relationship between DXA-measured leg lean mass and force 
production (Bell et al., 2014; Jordan et al., 2015; Stephenson et al., 2015). 
It is also noteworthy that even fewer studies have examined the relationship 
between contralateral lean mass and muscle function asymmetries in healthy and 
previously ACL-injured athletes—despite the utility that examining this association may 
have for lower extremity injury risk assessment (Bishop et al., 2018). Further, no studies 
to date have used DXA to assess upper-leg compartmental (i.e., anterior/posterior) lean 
mass’s relationship with muscle-specific and explosive strength. To enable compartmental 
assessment, our laboratory developed and demonstrated the accuracy and reliability of 
using a lateral “segmentation method” for assessing ipsilateral (same-leg) upper-leg 
compartmental lean mass in the lateral view using a GE Lunar iDXA scanner (Raymond 
et al., 2017). However, as literature has reported differences in body composition estimates 
across DXA scanners produced by the three main manufacturers (GE Healthcare Lunar, 
Hologic Inc., and Norland Inc.) and scanner models made by one manufacturer (e.g., GE 
Lunar Prodigy vs. iDXA; Toombs et al., 2012; Tothill et al., 1994a, 1994b), assessing the 




Using the lateral segmentation method to examine upper-leg compartmental lean 
mass’s relationship with isokinetic knee extensor/flexor strength and force production 
measured via vertical jumping may offer distinct advantages over lean mass examinations 
completed in the frontal view. Briefly, the lateral segmentation method may better assess 
the presence of location-specific upper-leg lean mass deficits and how these deficits 
contribute to strength and force production asymmetries. Given that strength and force 
production asymmetries have been implicated in primary and secondary ACL injury 
mechanisms, the greater insight the lateral segmentation method might provide could 
facilitate the development of more effective training and rehabilitation programs to prevent 
primary and secondary ACL injury. Therefore, this dissertation’s purpose was to: (a) 
examine the lateral segmentation method’s measurement accuracy on another DXA 
scanner model; and (b) evaluate DXA-measured leg lean mass’s relationship with strength 
and force production in healthy and previously ACL-injured athletes. 
 This dissertation’s specific aims were as follows: 
1. Evaluate the agreement of fat, lean, and bone mass measurements obtained using 
the novel lateral scanning method in comparison to these measurements obtained 
in the standard frontal scanning view using a Hologic Horizon A DXA scanner. 
a. Hypothesis: Total, fat, and lean masses, bone mineral content, and bone 
mineral density measured by the Hologic Horizon A scanner in the standard 





2. Assess the association of lean mass measured using the lateral segmentation DXA 
scanning method and muscle-specific and explosive strength measures and further 
compare this method to traditional frontal view lean mass measurements. 
a. Hypotheses: Upper-leg compartmental (i.e., anterior/posterior) lean mass 
measured via DXA will be strongly associated with isokinetic knee flexor 
and extensor strength—similar to that of total- and upper-leg lean masses. 
Further, the lateral segmentation method will demonstrate some relation to 
explosive strength during a jumping task. 
3. In a matched case-control study design, (a) examine lean mass, muscle-specific, 
and explosive strength differences (i) between the involved and non-involved legs 
of adolescent female athletes approximately one-year post-ACL reconstruction and 
(ii) between matched legs of ACLR adolescent female athletes and athlete controls; 
and (b) examine the relationship between lean mass and (i) knee extensor/flexor 
peak torque and (ii) explosive strength to determine relative muscle functionality 
in ACLR female athletes’ involved and non-involved legs. 
a. Hypotheses: Significant lean mass asymmetries will be present between 
ACLR female athletes’ involved and non-involved legs one-year post-
reconstruction, and ACLR female athletes will have lower lean mass in each 
compartment versus controls. Further, ACLR female athletes will produce 
less strength and force relative to lean mass in both legs versus controls. 
 This dissertation’s second chapter provides a comprehensive review of the existing 




ACL injured athletes. ACL injury mechanisms and risk factors are also described, followed 
by a discussion of the limited research conducted thus far to assess the relationship between 
lean mass and functional asymmetries contributing to this injury.  
 The third chapter discusses a study evaluating the agreement of the lateral  
DXA scanning method—a method previously demonstrated accurate on one DXA scanner 
model (GE Lunar iDXA)—relative to the standard frontal scanning view for measuring 
upper-leg composition on another scanner model (Hologic Horizon A). 
 The fourth chapter reviews an investigation of the association between lower 
extremity lean mass measured using the lateral segmentation method and (a) isokinetic 
knee extensor and flexor peak torque and (b) jump height and force production during 
vertical jump testing in a healthy, college-aged population.  
 The fifth chapter outlines a study evaluating deficits in leg lean mass, isokinetic 
knee extensor/flexor peak torque, and explosive strength (i.e., force production) in female 
adolescent athletes approximately one year following ACL reconstruction versus matched 
controls. Further, this study will assess the relationship between leg lean mass measured in 
three regions of interest (ROIs) and muscle-specific strength and force production. 
Finally, a summary of each study and pertinent observations are reviewed in chapter 
six. Future research surrounding the relationship between lean muscle mass and 



















 Within the sport performance and rehabilitation settings, body composition 
evaluations and lower extremity maximal muscle-specific (i.e., quadriceps, hamstrings) 
and explosive (i.e., time-restricted force production) strength measurements are frequently 
performed. Although commonly examined separately, these assessment methods used in 
combination allow sports practitioners and researchers to comprehensively: (a) examine 
training and nutritional interventions’ effectiveness; (b) evaluate contralateral (i.e., inter-
limb) lean mass, strength, and force production asymmetries for injury and reinjury risk 
assessment; (c) monitor rehabilitation progress; and (d) assist with return to sport (RTS) 
decision-making following injury and rehabilitation (Ackland et al., 2012; Bell et al., 2014; 
Grindem et al., 2016; Impellizzeri et al., 2007; Jordan et al., 2015; Newton et al., 2006).  
Anterior cruciate ligament (ACL) knee injuries are one of the most severe lower 
extremity injuries suffered by athletes, with multiple modifiable (e.g., muscle strength 
imbalances, hamstring flexibility, etc.) and non-modifiable (e.g., sex, age, anatomy, etc.) 
risk factors identified thus far (Beynnon et al., 2014; Hewett et al., 2005; Joseph et al., 
2013; Renstrom et al., 2008). Therefore, the relationship between lower extremity body 
composition and muscle strength/force may be particularly important in evaluating 
athletes’ primary and secondary ACL injury risk. However, while regional lean mass 
measurements allow contralateral asymmetries to be detected, which may underlie strength 
asymmetries and increase injury risk (Bell et al., 2014; Bishop et al., 2018), lower extremity 
muscle-specific and explosive strength assessments have been more commonly used to 




(Bell et al., 2014; Konishi et al., 2012; Kyrtsis et al., 2016; Grindem et al., 2016; Wellsandt 
et al., 2017). 
To date, most studies in healthy and previously ACL-injured/reconstructed athletes 
(hereafter referred to as “ACLR athletes”) have used either: (a) computed tomography (CT) 
or magnetic resonance imaging (MRI) to examine the relationship between muscle cross-
sectional area (CSA) or volume (MV) and muscle-specific strength measured via 
isokinetic/isometric testing (Akagi et al., 2014; Denadai et al., 2016; Konishi et al., 2007; 
Konishi et al., 2011; Konishi et al., 2012; Masuda et al., 2003); or (b) dual X-ray 
absorptiometry (DXA) to evaluate the association between lean mass and force production 
measured via vertical jumping (Bell et al., 2014; Jordan et al., 2015). Using DXA, these 
investigators have only examined healthy and ACLR athletes’ contralateral lower 
extremity lean mass asymmetries in the standard frontal scanning view—assessing, most 
often, the relationship between asymmetries in contralateral lean mass and force 
production. Notably, however, recent research has advocated for a more detailed body 
composition analysis method capable of improving the understanding of how muscle-
specific lean mass asymmetries contribute to dysfunctional lower extremity biomechanics 
and ACL injury/reinjury risk (Bishop et al., 2018; Shultz & Schmitz, 2018). Recently, 
Raymond et al. (2017) examined and reported DXA’s accuracy when measuring upper-leg 
compartmental (i.e., anterior/posterior) composition in the lateral scanning view. This 
lateral DXA scanning method is pertinent as it allows for compartmental upper-leg muscle-
specific lean mass asymmetries to be measured ipsilaterally (i.e., within the same leg)—




healthy and ACLR athletes’ relative muscle functionality (i.e., strength/force per unit of 
lean mass) and the mechanisms possibly underlying primary and secondary ACL injury. 
 The following literature review first describes body composition and lower 
extremity strength assessments commonly used within the sport performance and 
rehabilitation settings, followed by a discussion of theorized risk factors and underlying 
mechanisms contributing to primary and secondary ACL injury. Finally, the currently 
understood relationship between lower extremity lean muscle mass and (a) muscle-specific 
strength and (b) force production in healthy and ACLR athletes is discussed. 
 
Utility of DXA in the Sport Performance & Rehabilitation Settings 
While CT, MRI, and DXA are commonly employed within clinical settings, DXA 
is also used within the sport performance and rehabilitation settings due to DXA’s greater 
practicality and feasibility (Ackland et al., 2012). For example, compared to CT and MRI, 
DXA’s use has multiple advantages, including: a quick scan time (3-7 min.); low ionizing 
radiation (vs. CT); low cost; immediate results; non-invasive nature; and low required 
technician expertise (Kim et al., 2002; Bilsborough et al., 2014; Tothill et al., 1995). 
Additionally, the typical 70-cm CT gantry aperture (i.e., entry) diameter and 90-cm MRI 
scanner tunnel may leave little room for a larger individual, perhaps also making 
individuals feel claustrophobic, thus limiting these devices’ use in the sport performance 
and rehabilitation settings (Modica et al., 2011). Another advantage of DXA is its 
capability to segment the body’s upper and lower extremities using automatically- and 




analyses have demonstrated accuracy and reliability when cross-sectionally and 
longitudinally assessing athletes’ region-specific body composition (Bilsborough et al., 
2014; Buehring et al. 2014; Burkhart et al., 2009; Hart et al., 2015; Nana et al., 2014; 
Pineau et al., 2009; Santos et al., 2010). Therefore, given DXA’s capabilities, sport 
practitioners and researchers regard DXA as a practical gold standard criterion body 
composition assessment method in the sport performance setting (Stewart & Sutton, 2012).  
Within the sport performance and rehabilitation settings, DXA has most often been 
used to: (a) cross-sectionally and longitudinally examine athletes’ total and regional fat and 
lean masses; (b) evaluate training and nutritional programs’ effectiveness; and (c) assess 
contralateral lower extremity lean mass asymmetries (Bell et al., 2014; Bosch et al., 2018; 
Dengel et al., 2017). Notably, DXA’s examination of the effects of fat and lean masses, 
and their distribution in particular body regions, on sport performance is important. 
Specifically, fat mass is non-functional mass, with greater amounts possibly hindering 
sport performance and increasing injury risk. Conversely, lean mass represents functional 
mass, with increased lean mass shown to improve strength, power, and physical 
performance (Barlow et al., 2015; Bosch et al., 2014; Bosch et al., 2018; Dengel et al., 
2017; Stewart et al., 2001). Thus, DXA-assessed body composition measurements can be 
used to modify training programs to increase lean mass and reduce fat mass in a manner 
consistent with the athlete’s sport requirements. DXA is also commonly used to examine 
lower extremity lean mass asymmetries potentially contributing to strength asymmetries 
which may increase athletes’ injury risk (e.g., ACL injury) (Bell et al., 2014; Jordan et al., 




training/rehabilitation progress. However, while researchers have primarily examined 
lower extremity contralateral lean mass asymmetries using DXA in the standard frontal 
view, ipsilateral upper-leg compartmental lean mass asymmetry assessments are lacking 
but may allow for more in-depth (i.e., location-specific) examinations of asymmetries 
contributing to athletes’ functional performance deficits and potential ACL injury risk.  
Although one study (Raymond et al., 2017) has examined the accuracy and 
reliability of a lateral DXA scanning method to examine ipsilateral upper-leg 
compartmental lean mass using a GE Lunar iDXA scanner, replicating this method on other 
manufacturers’ scanner models is necessary. Replication is particularly important when 
considering research has noted differences in body composition estimates between DXA 
scanners built by the three primary DXA manufacturers—GE Healthcare, Hologic Inc., 
and Norland Inc. (Bazzocchi et al., 2016)—and across DXA scanner models produced by 
the same manufacturer (e.g., GE Lunar Prodigy vs. GE Lunar iDXA) (Genton et al., 2005; 
Hull et al., 2009; Tothill et al., 1994a; Tothill et al., 1994b; Tothill et al., 2001; Toombs et 
al., 2012). These researchers postulated that the proprietary algorithms used in different 
manufacturers’ post-scan analysis software, in addition to differences in scanning 
geometry (i.e., pencil-, fan-, and narrow fan-beam) across scanner models, as major 
contributory factors to these measurement differences (Bazzocchi et al., 2016; Tothill et 
al., 2001; Van Loan et al., 1995). Therefore, evaluating the lateral scanning method’s 
accuracy on another DXA scanner is important.  
This lateral DXA scanning method’s accuracy on different scanner models would 




and rehabilitation settings. Notably, researchers have suggested more detailed body 
composition assessments are needed to examine how body composition—particularly lean 
mass—may influence primary and secondary ACL injury risk (Bishop et al., 2018; Shultz 
& Schmitz, 2018). Therefore, the ability to quantify upper-leg compartmental lean mass 
and relate these measurements to lower extremity muscle-specific and explosive strength 
measures would provide a more in-depth evaluation of relative muscle functionality. 
Further, accurate assessment of these relationships may provide greater insight into how 
lean mass and strength/force asymmetries comprehensively affect primary and secondary 
ACL injury risk, while also aiding clinicians in the development of more effective strength 
training/rehabilitation programs to reduce these asymmetries (Bishop et al., 2018). 
 
Lower Extremity Functional Assessments Used in Healthy & ACLR Athletes 
 While body composition assessment is important for optimizing athletes’ sport 
performance and preventing injuries possibly resulting from contralateral asymmetries, 
implementing lower extremity functional assessments is also necessary to examine 
normalized strength/force and potential asymmetries in these measures that may translate 
to sport performance. Further, if the preceding measures are used in combination, assessing 
the relationship between lean mass and strength/force would allow for relative muscle 
functionality assessment. However, prior to reviewing research that has thus far examined 
these lean mass-strength/force relationships in healthy and ACLR athletes, it is necessary 
to first review the most commonly employed lower extremity functional assessment 




Recent literature has reported several lower extremity functional assessments used 
to cross-sectionally and longitudinally: (a) monitor athletes’ training and rehabilitation 
progress; (b) examine contralateral and ipsilateral lower extremity strength and force 
production asymmetries potentially increasing athletes’ injury risk (e.g., ACL injury); (c) 
identify the location and extent of muscle weakness following injury and reconstruction; 
and (d) evaluate athletes’ readiness to RTS following rehabilitation (Ackland et al., 2012; 
Grindem et al., 2016; Holsgaard-Larsen et al., 2014; Impellizzeri et al., 2007; Newton et 
al., 2006; Wellsandt et al., 2017). These functional assessment methods can be categorized 
as one of two types: (a) open kinetic chain (e.g., isokinetic dynamometry); and (b) closed 
kinetic chain (e.g., jump mechanography). Open kinetic chain tests involve examining the 
strength of specific muscles (i.e., muscle-specific strength) moving across one joint, while 
closed kinetic chain tests involve energy transfer across multiple joints using multiple 
muscle groups, therefore assessing athlete’s degree of explosiveness (i.e., time-restricted 
force production; hereafter termed ‘force’) (Iossofidou et al., 2005). Notably, the different 
muscle and joint mechanics assessed during open and closed kinetic testing allow for the 
examination of different muscle characteristics, including: (a) maximal muscle-specific 
(e.g., knee extensor/flexor) strength; and (b) force generated with or without stretch-
shortening cycle incorporation (Iossofidou et al., 2005).  
Isokinetic dynamometry has historically been considered the preferred technique to 
measure normalized muscular forces (i.e., Nm/kg) of antagonistic muscle groups (e.g., 
quadriceps/hamstrings) (Baltzopoulos et al., 2012; Pua et al., 2008). Given isokinetic 




movement in one plane and to provide reliable strength (i.e., peak torque) measurements 
(Feiring et al., 1990), this method has also been commonly used to evaluate athletes’ 
contralateral upper-leg strength asymmetries (e.g., right vs. left quadriceps)—asymmetries 
which may increase primary and secondary ACL injury risk (Aagaard et al., 1998; 
Baltzopoulos & Brodie, 1989; Grindem et al., 2016). Strength measurements made during 
contralateral assessments are typically used to calculate a limb symmetry index [LSI = 
(involved leg’s peak torque/non-involved leg’s peak torque) x 100], with contralateral 
symmetry values >85% desired for primary and secondary ACL injury risk prevention 
(Neeter et al., 2006; Wiggins et al., 2016). Notably, however, despite isokinetic 
dynamometry’s reliability, this assessment method is limited in its biomechanical 
specificity to sport performance (Pua et al., 2008), with testing typically performed at 
velocities below that required for optimal sport performance.  
While isokinetic dynamometry has been used since the 1960s, researchers have 
more recently been interested in the use of closed kinetic chain assessment methods in both 
healthy and ACLR athletes, with a common method being jump mechanography 
(Impellizzeri et al., 2007). Unlike isokinetic dynamometry, jump mechanography is a 
multi-joint dynamic assessment method—involving the transfer of energy across all lower 
extremity joints (i.e., ankle, knee, hip)—that incorporates various vertical jump types 
performed on force plates. These jumps include the drop vertical jump (DVJ), 
countermovement jump (CMJ), and squat jump (SJ). Briefly, jump mechanography 
provides measurements of jump height (i.e., perceivable outcome) and each leg’s peak 




mechanography’s capability to provide these measurements has resulted in this method’s 
use when evaluating athletes’ contralateral force production asymmetries and assessing 
athletes’ readiness to RTS (Cormie et al., 2009; Eagles et al., 2015). Although this 
assessment method does not directly examine muscle-specific force production—
potentially masking muscle-specific strength deficits (e.g., quadriceps, hamstrings)—this 
method demonstrates greater biomechanical specificity to sport movements by allowing 
for asymmetry evaluation during multi-joint movements (Impellizzeri et al., 2007). 
Overall, open and closed kinetic chain assessment methods are important to employ 
in the sport performance and rehabilitation settings for healthy and ACLR athletes (Davies 
et al., 2018). In fact, research has suggested that no single strength measure can adequately 
provide insight into all injury mechanisms during any given movement (Cronin & Hansen, 
2005). Thus, multiple methods should be used concurrently.  
Risk Factors & Underlying Mechanisms for ACL Injury 
Research has reported the lower extremity as the most commonly injured site in 
athletes, with the knee and ankle joints having the greatest injury rates (Roos et al., 2015). 
Anterior cruciate ligament knee injuries are among the most severe lower extremity injuries 
in athletes, with up to 80% of these injuries occurring without contact (McNair et al., 1990; 
Joseph et al., 2013; Renstrom et al., 2008). Literature has indicated that female athletes 
have a 2- to 6-fold greater primary ACL tear incidence compared to males while 
participating in sex-comparable sports requiring jumping and rapid directional changes 
(e.g., basketball, soccer) (Beynnon et al., 2014; Ford et al., 2003a; Ford et al., 2003b; 




investigations have sought to characterize ACL injury risk factors and mechanisms. Prior 
to discussing these, however, a review of the ACL’s function is needed to provide context. 
The ACL is a knee ligament extending from the proximal anterior portion of the 
tibia to the posteromedial portion of the lateral femoral condyle (Kweon et al., 2013). 
Mechanically, the ACL and quadriceps muscles are antagonists at knee-flexion angles less 
than 45° (Markolf et al., 1978), while the hamstring muscles act as ACL agonists at these 
angles to protect the ACL (Alkjaer et al., 2012; Bryant et al., 2008; Osternig et al., 1995). 
Together with the hamstring muscles, the ACL’s purpose is to: stabilize the knee during 
internal tibial rotation and knee valgus (i.e., medial collapse of the knee); prevent knee 
joint hyperextension; and prevent excessive anterior tibial translation (i.e., forward shift of 
the tibia during quadriceps muscle contraction)—a movement which increases ACL tear 
risk. The ACL’s stabilization of the knee is paramount, particularly as jumping and 
changing directions during high-intensity sports expose the knee to high amounts of force, 
which may cause the ACL to tear when these forces are greater than the ACL can resist 
(Boden et al., 2000; Heijne & Werner, 2010; Li et al., 1999). Importantly, researchers using 
video analysis have observed ACL injuries to occur primarily during a non-contact event 
when the athlete is decelerating, laterally pivoting, and/or landing (Boden et al., 2000; 
Olsen et al., 2004). Specifically, this research has observed ACL injury risk is greatest 
during deceleration when: (a) the leg is in or near full extension (0-20° of flexion) as the 
foot makes ground contact; (b) the femur is flexed, adducted, and internally rotated; (c) the 
tibia is externally rotated; and (d) the ankle is everted—particularly detrimental when the 




al., 2003a; Ford et al., 2003b; Griffin et al., 2000; Hewett et al., 2006a; Silvers & 
Mandelbaum, 2007). 
Primary ACL Injury 
‘Primary ACL injury’ refers to first ACL injury occurrence whereas ‘secondary 
ACL injury’ refers to a second ACL injury either of the ipsilateral (involved) or 
contralateral (non-involved) leg. Numerous studies have examined athletes’ modifiable 
and non-modifiable ACL injury risk factors, reporting the most common to be the female 
sex, younger age (i.e., adolescent; < 20 years), high activity level, body mass index (BMI), 
lower extremity muscle strength imbalances, joint laxity, greater hamstring flexibility, and 
prior ACL injury (Borchers et al., 2009; Murphy et al., 2003; Myer et al., 2008; Silvers & 
Mandelbaum, 2007; Wiggins et al., 2016). Recently, Hewett et al. (2005; 2016) outlined 
three primary etiological factors related to the preceding primary and secondary ACL 
injury risk factors, with these etiological factors being anatomical, 
biomechanical/neuromuscular, and hormonal in nature. For this review’s purposes, only 
anatomical and biomechanical/neuromuscular factors will be discussed. Moreover, while 
some ACL injury risk factors and mechanisms overlap between primary and secondary 
ACL injuries, they differ enough to warrant separate review. 
Anatomically, female athletes’ major primary ACL injury risk factors include, but 
are not limited to: (a) higher lateral posterior-inferior tibial slope; (b) smaller femoral 
intercondylar notch and ACL diameter; and (c) greater hamstring flexibility which reduces 
knee joint stability (Ford et al., 2003a; Hewett et al., 2006b; Shultz et al., 2015; Silvers & 




determinant of primary ACL injury. In fact, female athletes’ greater hamstring flexibility 
and strength deficits (relative to quadriceps strength; termed ‘quadriceps dominance’) and 
decreased co-contraction and co-activation of the hamstring and quadriceps muscles have 
been shown to increase knee joint laxity and decrease knee joint stiffness, thus reducing 
knee joint stability (Chappell et al., 2012; Hewett et al., 2005; Hewett et al., 2006a; Hewett 
et al., 2006b; Hewett et al., 2016; Shultz et al., 2012; Uhorchak et al., 2003; White et al., 
2003). 
Another etiological factor contributing to primary ACL injury risk includes 
dysfunctional biomechanics and neuromuscular control—factors considered modifiable 
via neuromuscular training (Hewett et al., 2000; Hewett et al., 2005; Hewett et al., 2016). 
In the research and rehabilitation settings, three-dimensional (3D) motion capture analysis 
has been used in conjunction with different vertical jump types, particularly the DVJ, on 
force plates to identify dysfunctional movement patterns and joint angles which may 
predict future primary ACL injury (Hewett et al., 2005; Paterno et al., 2010). For example, 
in a prospective cohort study, Hewett et al. (2005) noted female athletes who went on to 
suffer a future primary ACL injury (versus athletes who did not) demonstrated the 
following within the ACL-injured leg during the DVJ’s landing phase: (a) smaller knee 
flexion angle (10.5°; p<0.05); (b) greater knee abduction (i.e., valgus) angle (8°; p<0.05); 
(c) 2.5 times greater knee abduction moment (p<0.001); and (d) 20% higher vertical ground 




 Although the preceding anatomical and neuromuscular factors have been shown to 
contribute to primary ACL injury, particularly among female athletes, these factors 
(particularly muscle strength imbalances) also play a role in secondary ACL injury. 
Secondary ACL Injury 
Athletes’ secondary ACL injury rates are as high as 25% and 30% within 12 and 
24 months, respectively, following RTS clearance (Paterno et al., 2010; Paterno et al., 
2012; Wiggins et al., 2016). Importantly, not only have athletes been reported to reinjure 
the same leg, but contralateral injury is also common. In a recent systematic review and 
meta-analysis, Wiggins et al. (2016) reported secondary ACL injury rates of 23% post-
RTS in athletes < 25 years of age, with ipsilateral and contralateral reinjury and injury rates 
of 10% and 12%, respectively. Researchers have hypothesized the higher contralateral 
leg’s secondary ACL injury incidence to be due to several factors, including: (a) persisting 
primary ACL risk factors; (b) muscle strength/force asymmetries at the time of RTS; and 
(c) dysfunctional biomechanical movement patterns and neuromuscular control that 
increase loading on the contralateral leg while protecting the reconstructed leg (Hewett et 
al., 2005; Leys et al., 2012; Schmitt et al., 2012; Wiggins et al., 2016). Notably, studies 
assessing secondary ACL injury risk factors have primarily separately examined athletes’ 
contralateral lower extremity asymmetries in: (a) muscle-specific strength; (b) jump 
mechanography-measured force production; and (c) muscle mass and neuromuscular 
function—each reviewed below.  
Muscle-Specific Strength. Isokinetic and isometric assessments have been most 




vs. left quadriceps) muscle-specific strength asymmetries (Grindem et al., 2016; Newton 
et al., 2006; Schmitt et al., 2012). Specifically, studies examining contralateral quadriceps 
isokinetic strength at 6- and 12-months post-ACL reconstruction have reported average 
asymmetries of 23% and 14%, respectively (Andersen et al., 2002; Cardone et al., 2004; 
McHugh et al., 2002; Risberg & Holm, 2009), with minimal contralateral hamstring 
asymmetries (i.e., £10%) reported (Kvist, 2004; Lepley, 2015). Using isometric testing, 
Schmitt et al. (2012) reported 44% (i.e., 24/55) of ACLR athletes at the time of RTS 
demonstrated contralateral quadriceps strength deficits >15% (range = 30-84%)—values 
greater than the <10-15% asymmetry cutoff recommended for athletes’ successful RTS 
(Adams et al., 2012; Schmitt et al., 2012). Therefore, these studies suggest quadriceps 
strength asymmetry—indicating quadriceps weakness—as a primary impairment in ACLR 
athletes up to 2 years following ACL reconstruction (Schmitt et al., 2012), with these 
asymmetries associated with increased secondary ACL injury risk (Grindem et al., 2016).  
Force Production. More recently, researchers have employed jump 
mechanography to examine contralateral force asymmetries that may increase secondary 
ACL injury risk—comparing these force asymmetries to the 10-15% cutoff value 
recommended as part of RTS testing guidelines, and the value above which asymmetries 
are considered abnormal (Adams et al., 2012; Impellizzeri et al., 2007; Schmitt et al., 
2012). In an earlier study, Paterno et al. (2007) observed female athletes 2 years post-ACL 
reconstruction landed with approximately 15% more force on the non-involved leg during 
a DVJ (p<0.001) while the involved leg demonstrated lower (p=0.03) force production 




and female (age range = 10-25 yrs.) athletes’ peak vertical ground reaction force during 
the DVJ’s landing phase at the time of RTS. Observations indicated significant peak 
vertical ground reaction force deficits in the ACLR athletes’ involved leg versus the non-
involved leg and both legs of controls (all p<0.002). The preceding studies’ researchers 
and others (Hewett et al., 2016) suggested these observations to provide evidence for 
increased dependence upon the contralateral leg as a compensatory mechanism following 
ACL reconstruction, perhaps increasing the contralateral leg’s secondary ACL injury risk.  
Muscle Mass & Neuromuscular Function. It is noteworthy that muscle mass 
deficits and neuromuscular dysfunction have been hypothesized to underlie strength and 
force production asymmetries. Specifically, researchers have commonly reported 
significant asymmetries in quadriceps muscle CSA and MV following ACL reconstruction 
and rehabilitation—measured via CT and MRI (Arangio et al., 1997; Konishi et al., 2007; 
Konishi et al., 2011)—indicating quadriceps atrophy (i.e., muscle loss) in the involved leg. 
More recently, using DXA, Jordan et al. (2015) reported involved leg deficits in total- and 
upper-leg lean mass measured in the standard total-body frontal view. Additionally, 
neuromuscular dysfunction in the form of central activation failure (i.e., arthrogenic muscle 
inhibition [AMI]) has also been reported following ACL reconstruction (Konishi et al., 
2002, 2003; Snyder-Mackler et al., 1994). Specifically, AMI decreases motor unit 
recruitment and firing frequency during voluntary quadriceps contraction to minimize 
anterior tibial translation and prevent excessive strain on the ACL graft (Baugher et al., 
1984; Bryant et al., 2008; Halkjaer-Kristensen & Ingemann-Hansen, 1985). Consequently, 




fiber stimulation—possibly leading to long-term involved leg quadriceps muscle atrophy, 
weakness, and reduced knee joint stability, which may increase secondary ACL injury risk 
(Kuenze et al., 2014; Lohmander et al., 2007; Palmieri-Smith et al., 2008). 
Taken together, while literature has primarily reported contralateral muscle mass 
and function assessment observations independently, fewer studies have examined the 
relationship between contralateral and ipsilateral lower extremity muscle mass (and muscle 
mass asymmetries) and (a) muscle-specific strength and (b) force production. Examining 
these relationships may help identify athletes at risk for primary or secondary ACL injury, 
in addition to aiding clinicians in RTS decisions following ACL rehabilitation. In fact, 
given the high incidence of primary and secondary ACL injury, with high secondary ACL 
injury risk in either the ipsilateral or contralateral leg, exclusive contralateral strength 
asymmetry assessments may not be adequate to prevent ACL injury or to ensure athletes’ 
readiness to RTS following reconstruction (Paterno et al., 2018; Wellsandt et al., 2017). 
Thus, examining the relationships between muscle mass and muscle-specific strength and 
force production is necessary to determine relative muscle functionality and perhaps gain 
a greater understanding of underlying primary and secondary ACL injury mechanisms. 
 
Association of Lean Mass & Force Production in Healthy & ACLR Athletes 
Examining lean muscle mass’s relationship with muscle-specific strength and force 
production in healthy athletes (i.e., a population potentially at risk for primary ACL injury) 
and ACLR athletes at risk for secondary ACL injury is important. Specifically, conducting 




asymmetries, contribute to athletes’ muscle function and performance outcomes is 
paramount. To date, most studies have primarily employed muscle strength testing within 
the sport performance and rehabilitation settings, while fewer studies (Akagi et al., 2014; 
Denadai et al., 2016; Bell et al., 2014; Jordan et al., 2015; Konishi et al., 2007, 2011) have 
reported concurrently assessing lean mass and strength and the relationship between these 
measures. Notably, in a recent systematic review, Bishop and colleagues (2018) 
highlighted the scarcity of current literature focused on assessing: (a) the relationship 
between lean mass and strength/force production in both healthy and ACLR athletes; and 
(b) the effects that contralateral lean mass asymmetries have upon healthy and ACLR 
athletes’ performance outcomes. Examining these relationships, not only contralaterally 
but also ipsilaterally, may better elucidate muscle mass’s contribution to functional 
asymmetries reported previously (Konishi et al., 2011). This assessment may allow for 
determination of athletes’ degree of relative muscle functionality translating to sport 
performance. 
Therefore, the relationships between (a) muscle mass measured using CT or MRI 
and muscle-specific strength and (b) lean mass measured using DXA in the frontal view 
and jump mechanography-measured force production reported thus far in healthy and 
ACLR athletes are reviewed below. 
 
Isokinetic/Isometric Dynamometry & Muscle Mass Assessments 
To date, when examining lower extremity muscle, researchers have commonly 




in relation to isokinetic and isometric knee extensor and flexor peak torque, respectively 
(Akagi et al., 2014; Denadai et al., 2016; Konishi et al., 2011, 2012; Masuda et al., 2003). 
These investigations have been completed in healthy and ACLR athletes and non-athletes 
and provide insight regarding relative muscle-specific functionality. While earlier studies 
reported a direct relationship between muscle CSA and peak torque (Schantz et al., 1983), 
in addition to reporting muscle size as a major muscle strength determinant (Fukunaga et 
al., 2001), more recent studies have observed mixed correlations between these variables. 
Healthy Subjects. In a sample of healthy collegiate soccer players, Masuda et al. 
(2003) reported significant moderate relationships between quadriceps and hamstring 
CSAs (examined separately) and knee extensor (r=0.54-0.59; p<0.05) and knee flexor 
(r=0.57-0.64; p<0.05) isokinetic peak torque, respectively (at 90 and 120°/sec). However, 
studies (Akagi et al., 2012; Akagi et al., 2014; Denadai et al., 2016) that have investigated 
the relationship between the reciprocal (i.e., hamstring/quadriceps [H/Q]) muscle size ratio 
and the reciprocal isokinetic/isometric strength ratio in healthy athletes have reported low, 
non-significant correlations. Briefly, in male soccer players, Akagi et al. (2014) and 
Denadai et al. (2016) reported low correlations (r = -0.33 to 0.28; p>0.05) between (a) H/Q 
muscle size (CSA and MV) and (b) H/Q peak torque (isokinetic and isometric). This 
research suggests examining muscle groups separately in relation to isokinetic/isometric 
peak torque (e.g., quadriceps muscle mass vs. extensor peak torque) produces higher 
correlations than when comparing reciprocal muscle size and strength ratios. 
ACLR Subjects. When assessing the relationship between lean mass and muscle-




physically active non-athletes with prior ACL reconstruction, while few researchers have 
conducted this investigation in ACLR athletes. In a sample of physically active non-
athletes (mean age: 24.7±5.2 yrs.) approximately 14 months following ACL 
reconstruction, Konishi et al. (2011) reported these ACLR individuals to produce 
significantly lower isokinetic extensor peak torque (at 60°/sec) per unit of quadriceps MV 
(measured via MRI) in their involved versus non-involved legs (0.086±0.019 Nm/cm3 vs. 
0.100±0.016 Nm/cm3; p<0.05), and in both legs versus an age-matched control groups’ 
legs (at 60 and 180°/sec; p<0.01). These observations corroborated Konishi et al. (2007)’s 
earlier observations in physically active individuals £12 months post-ACL reconstruction. 
In this study, ACLR individuals produced lower peak torque per unit quadriceps MV at 60 
and 180°/sec in their involved versus non-involved legs (p<0.05) as well as both legs versus 
healthy controls’ legs (p<0.01). Given the preceding findings, these researchers concluded 
bilateral quadriceps neural inhibition (i.e., AMI) was present after ACL injury, resulting in 
reduced motor unit recruitment from decreased afferent feedback.  
In a more recent investigation, Thomas et al. (2016) examined the contribution of 
(a) quadriceps muscle CSA atrophy (measured via MRI) and (b) quadriceps muscle 
activation to quadriceps weakness measured during isometric testing in participants 6 
months post-ACL reconstruction (mean age: 20.7±5.2 yrs.). These researchers reported 
that quadriceps muscle CSA atrophy significantly contributed to quadriceps strength 
deficits (R2=0.307; p=0.011) and noted muscle CSA and isometric strength measurements 
were significantly lower in ACLR participants’ involved leg (68.81±17.80 cm2; 2.03±0.51 




Although muscle activation was not observed to explain the variance in quadriceps strength 
deficits (R2<0.001)—similar to observations reported by Kuenze et al. (2016)—these 
researchers noted bilateral quadriceps activation failure of 13% and 15% in the involved 
and non-involved legs, respectively. These percentages are similar to those reported by 
Urbach et al. (1999) and above the 5% threshold considered healthy (Stackhouse et al., 
2000). Finally, it is noteworthy that Thomas et al. (2016) indicated quadriceps CSA atrophy 
and activation failure, in combination, explained 38% of the variance in quadriceps 
strength (R2=0.38; p=0.016). These researchers hypothesized other factors to explain the 
other 62% variance in strength, including muscle fiber type, muscle architecture (e.g., fiber 
pennation angle), and knee joint pain—factors not examined in their study. 
Despite research assessing the relationship between muscle size/mass and muscle-
specific strength in healthy and ACLR individuals, it is notable that no studies to date have 
examined this relationship among ACLR adolescent female athletes. Further, no known 
study in any population has employed the lateral DXA scanning method (Raymond et al., 
2017) to investigate the relationship between upper-leg compartmental lean mass and 
isokinetic knee extensor/flexor peak torque. Notably, examining lateral view 
compartmental upper-leg lean mass using DXA would offer two distinct advantages. First, 
while most studies have utilized CT and MRI to examine quadriceps and hamstring muscle 
CSA/MV, these methods are not practical in the sport performance or rehabilitation settings 
due to these methods’ high cost, long scan times, CT’s high ionizing radiation, and results 
that may be difficult to analyze. Second, examining the association of compartmental lean 




muscles’ functionality contributes to performance outcomes—possibly aiding in training 
and rehabilitation program development to reduce primary and secondary ACL injury risk. 
 
Jump Mechanography & Muscle Mass Assessments 
While most studies have used CT and MRI to examine muscle size/mass, 
researchers (Bell et al., 2014; Jordan et al., 2015; Stephenson et al., 2015) have more 
recently employed DXA to measure lower extremity lean mass. Further, these researchers 
have assessed the association between contralateral lower extremity lean mass and jump 
mechanography-measured force production in healthy and ACLR athletes to estimate 
relative muscle functionality. This is particularly important as DXA is considered a 
practical gold standard criterion body composition method within the sport performance 
setting (Stewart & Sutton, 2012), and jump mechanography offers greater biomechanical 
specificity to sport performance (Impellizzeri et al., 2007). Briefly, these studies examined 
the association of lower extremity (e.g., total-leg, upper-leg) lean mass (measured via DXA 
in the standard frontal view) and jump height, force, impulse, and power produced during 
the CMJ and SJ. Additionally, these researchers aimed to determine how lower extremity 
lean mass asymmetries influenced the preceding jump mechanography-measured variables 
in healthy and ACLR athletes and non-athletes. 
Healthy Subjects. In healthy, physically active non-athletes, Stephenson et al. 
(2015) reported a positive relationship between total-body and total-leg lean mass with 
CMJ jump height (r=0.73; p<0.001) and peak power (r=0.74; p<0.001). Among healthy 




examine the relationship between athletes’ lean mass asymmetries—calculated via the limb 
symmetry index (LSI = [(Right Limb – Left Limb) / (0.5(Right Limb + Left Limb))] x 
100)—and (a) jump height and (b) force production asymmetries during a CMJ. Age- and 
sex-adjusted analyses revealed upper- and lower-leg lean mass asymmetries only partially 
explained asymmetries in CMJ peak force (R2=0.20; p<0.001) and peak power (R2=0.25; 
p<0.001) (Bell et al., 2014). These researchers also reported contralateral upper-leg lean 
mass asymmetries >10% significantly contributed to jump height reductions (-9 cm; effect 
size = d >0.8). Therefore, these studies indicated that not only does leg lean mass directly 
contribute to force production, contralateral leg lean mass asymmetries contribute to force 
asymmetries and reduced jump height in healthy individuals. 
ACLR Subjects. Due to the more recent use of jump mechanography, only a paucity 
of literature has reported the association between lower extremity lean mass and jump 
mechanography-measured force production asymmetries in ACLR athletes. Jordan and 
colleagues (2015) have conducted the most relevant research. Specifically, in a case-
control study, Jordan et al. (2015) investigated contralateral DXA-assessed upper-leg lean 
mass and CMJ and SJ phase-specific impulse asymmetry differences between healthy (i.e., 
control) and ACLR elite alpine skiers, with ACLR athletes being 2 years post-
reconstruction. This study reported significant upper-leg lean mass asymmetry index (AI) 
differences (calculated as: AI = [(Left limb – Right limb) / (Maximum of left and right)] x 
100) between ACLR and control groups (4.3% vs. -2.2%; p<0.001). Additionally, 
significant impulse AI differences were observed between the ACLR and control groups 




concentric phase (8.8% vs. -1.0%; p<0.05)—movement phases which primarily use the 
knee extensors to generate force. Finally, using linear regression analysis, Jordan et al. 
(2015) reported moderate correlations between upper-leg lean mass AI and impulse AI 
(r=0.57-0.66; p<0.01) in the CMJ’s concentric phase and the SJ’s second phase. These 
observations demonstrate a direct relationship between asymmetries in DXA-measured 
frontal view leg lean mass and jump outcomes. 
Taken together, observations of the relationship between contralateral lean muscle 
mass asymmetries and strength and force production deficits and asymmetries—
particularly quadriceps asymmetries—have three notable implications as it pertains to ACL 
injuries. First, these observations suggest muscle mass and strength deficits and subsequent 
asymmetries may hinder performance and increase primary and secondary ACL injury risk. 
Second, the investigations reviewed indicated that a prior ACL injury may prevent 
adequate strength gains (via neuromuscular mechanisms like AMI) during rehabilitation—
allowing strength asymmetries to persist and increasing secondary ACL injury risk if 
proper rehabilitation is not undertaken. Finally, these studies suggested that dynamic 
assessment methods like isokinetic dynamometry and jump mechanography are useful to 
detect muscle function imbalances possibly increasing secondary ACL injury risk. 
 
Summary 
While researchers have examined athletes’ lower extremity lean muscle mass, 
muscle-specific strength, and force production independently—and asymmetries in these 




mass and the preceding functional strength measures. These studies have primarily 
reported assessing the following relationships: (a) muscle CSA/MV versus 
isokinetic/isometric peak torque; or (b) frontal view DXA-measured lean mass versus jump 
mechanography-derived force production. Further, most of these studies examined the 
preceding relationships in healthy athletes and physically active non-athletes to estimate 
muscle functionality. Fewer researchers, however, have evaluated these associations in 
ACLR athletes, and no known studies have reported examining these relationships in 
ACLR adolescent female athletes—a population with the highest ACL injury risk (Ardern 
et al., 2016). Finally, although contralateral lean mass and muscle strength/force production 
asymmetries are important to examine in healthy and ACLR athletes, ipsilateral upper-leg 
compartmental lean mass evaluation is likely to provide greater insight into muscle-specific 
functionality and ACL injury risk. 
Our laboratory developed and demonstrated the accuracy of a lateral DXA scanning 
method to examine upper-leg compartmental (i.e., ipsilateral) lean mass to address the 
preceding limitations (Raymond et al., 2017). However, validation of this assessment has 
only been conducted on one DXA scanner model. Therefore, evaluating this novel 
scanning method’s accuracy on a DXA scanner made by a different manufacturer is 
important and may allow for this method’s more widespread use in the sport performance 
and rehabilitation settings. Additionally, no studies have examined lateral view DXA-
measured upper-leg compartmental lean mass in relation to isokinetic peak torque and 
jump mechanography-measured force production in healthy or ACLR athletes. This 




this relationship changes as a result of prior ACL injury. Thus, conducting studies which 
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Purpose: Recently, a lateral-view dual X-ray absorptiometry (DXA) scanning method for 
measuring leg total (TM), lean (LM), and fat (FM) masses demonstrated accuracy vs. the 
standard whole-body frontal DXA scanning view on the GE Lunar iDXA. The current 
study examined the lateral scanning method’s agreement using a Hologic Horizon A DXA 
scanner. Methods: Thirty healthy college-age participants (16 female; X̅age= 21.5±1.7 yrs.) 
received three DXA scans (1 whole-body, 2 lateral leg scans) to quantify leg composition 
in the frontal and lateral plane. To mark regions of interest (ROIs) for post-scan analysis, 
metallic markers were placed at 60% of the length above and below each leg’s lateral 
epicondyle. Using lateral subject positioning, leg composition was measured with 
participants lying on their right/left sides. Paired t-tests examined the lateral DXA scanning 
method’s agreement when quantifying TM, LM, FM, bone mineral content (BMC), and 
bone mineral density (BMD) compared to measurements of equal area in the whole-body 
frontal scanning view. Results: Comparisons of frontal and lateral view DXA scan 
measurements for right leg TM (7.12±0.91kg vs. 6.39±0.85kg), FM (1.70±0.44kg vs. 
1.36±0.33kg), LM (5.14±1.05kg vs. 4.77±0.92kg), BMC (0.28±0.06kg vs. 0.23±0.05kg), 
and BMD (1.39±0.14g/cm2 vs. 1.36±0.15g/cm2), respectively, were significantly different 
(p<0.001 to 0.028). Similarly, comparisons of frontal and lateral left leg TM (7.12±0.97kg 
vs. 6.38±0.92kg), FM (1.70±0.44kg vs. 1.39±0.36kg), LM (5.15±1.12kg vs. 4.76±0.97kg), 
BMC (0.28±0.06kg vs. 0.24±0.06kg), and BMD (1.39±0.15g/cm2 vs. 1.36±0.17g/cm2) 
respectively, were significantly different (p<0.001 to 0.046). Conclusion: Unlike a 




equal area was reported utilizing the GE Lunar iDXA, agreement was not observed using 
the Hologic Horizon A DXA scanner. Therefore, lateral view assessment may not be 





Dual X-ray absorptiometry (DXA) is currently considered the gold standard for 
accurately and reliably measuring total and regional (e.g., arms, legs) body composition 
and bone mineral density (BMD) (Bilsborough et al., 2014; Burkhart et al., 2009; Haarbo 
et al., 1991; Lee & Gallagher, 2008; Mazess et al., 1990; Nana et al., 2014; Stewart et al., 
2001). In clinical settings, DXA is commonly used to assess: osteoporosis risk or presence 
(Lewiecki, 2005); visceral adipose tissue (Bosch et al., 2015; Kaul et al., 2012) and lean 
mass loss due to disease conditions (e.g., cancer, stroke, sarcopenia) (Glickman et al., 2004; 
Hairi et al., 2010; Lewiecki, 2005; Nana et al., 2014). More recently in the sport 
performance setting, DXA has been used to: examine longitudinal body composition 
changes due to training and nutritional interventions (Ackland et al., 2012); examine 
athletes’ lean and fat mass distribution (Bosch et al., 2014, 2018); and assess contralateral 
(i.e., opposite side) lower extremity lean mass imbalances that may hinder athletes’ 
performance (Bell et al., 2014; Jordan et al., 2015; Krzykala & Leszczynski, 2015). 
Currently, three major manufacturers produce DXA scanners, including GE 
Healthcare Lunar Inc. (Madison, WI, USA), Hologic Inc. (Marlborough, MA, USA), and 
Norland Inc. (Swissray, Fort Atkinson, WI, USA), with the two primary manufacturers 
being GE and Hologic (Bazzocchi et al., 2016). While advancements in DXA technology 
have been made across these manufacturers, with the most recent models being the GE 
Lunar iDXA, Hologic Horizon, and Norland Elite systems, these systems differ in their 
analysis software and scanning geometry—factors which influence scan time, radiation 




continues to produce pencil-beam scanners, the transition from pencil-beam to fan-beam 
(Hologic Horizon A) and to narrow fan-beam (GE Lunar iDXA) technology has allowed 
for a decreased scan time while improving image resolution and quality (Bazzocchi et al, 
2016). Further, the most recent DXA software has demonstrated accuracy and reliability 
in the automatic and manual creation of regions of interest (ROIs) when assessing body 
composition in specific body regions (Bazzocchi et al., 2016; Burkhart et al., 2009). For 
example, previous studies have examined contralateral lower extremity body composition 
asymmetries via manual ROIs in the standard frontal DXA scan view (Bell et al., 2014; 
Hart et al., 2015; Jordan et al., 2015; Jorgensen & Jacobsen, 2001; Krzykala & 
Leszczynski, 2015). However, to date, only one known study has reported the accuracy of 
assessing leg composition in the lateral view compared to the standard total-body frontal 
view using the GE Lunar iDXA (Raymond et al., 2017). Additionally, the lateral DXA 
scanning view demonstrated reliability when segmenting the upper-leg into anterior 
(quadriceps) and posterior (hamstrings) compartments to quantify composition in these 
regions (Raymond et al., 2017). The lateral DXA scanning method may therefore allow for 
a more in-depth analysis of contralateral and ipsilateral upper-leg compartmental 
comparisons and provide greater insight into compositional asymmetries resulting from 
disease conditions in clinical populations or training in athletic populations. 
As the lateral DXA scanning method has only demonstrated accuracy on the GE 
Lunar iDXA (Raymond et al., 2017), the current study’s aim was to examine the agreement 
of the lateral scanning method when using the Hologic Horizon A DXA scanner. This 




composition estimates across different DXA scanner models produced by GE Healthcare 
Lunar, Hologic, and Norland (Genton et al., 2005; Hull et al., 2009; Tothill et al., 1994a; 
Tothill et al., 1994b; Tothill et al., 2001; Toombs et al., 2012). Further, as the previous 
study (Raymond et al., 2017) did not assess the accuracy of measuring lateral view bone 
mineral content (BMC) or bone mineral density (BMD) in comparison to the standard 
whole-body frontal view, we therefore aimed to assess these variables’ agreement between 
scan views. We hypothesized that total, fat, and lean masses, BMC, and BMD measured in 
the lateral scanning view would be similar to measurements of equal area obtained in the 
standard whole-body frontal scanning view. If demonstrated accurate and reliable, this 
DXA scanner would offer researchers, health professionals, and sports practitioners an 
additional scanner for use in making upper-leg compartmental (i.e., anterior/posterior) 
composition assessments and allow for longitudinal monitoring of patients’ muscle and 




Thirty (14 male/16 female) college-age participants (mean age 21.5±1.7 years) 
were recruited from the University of Minnesota-Twin Cities campus. Participants were 
healthy, self-reported physical activity at least three days per week for at least three months 
prior to study participation and had a body mass index (BMI) >18 kg/m2. The study 
protocol was approved by the University of Minnesota Institutional Review Board, and 





All testing was performed on the University of Minnesota-Twin Cities campus 
using a Hologic Horizon A DXA scanner (Hologic Inc., Marlborough, MA, USA). Each 
participant’s height and weight were measured using an electronic scale and wall-mounted 
stadiometer (Model S100; Ayrton Corp., Prior Lake, MN, USA). Body mass index (BMI) 
was calculated as the body weight in kilograms divided by height in meters squared. All 
participants wore minimal, light clothing free of metallic material for DXA scans, with 
females screened for pregnancy prior to undergoing DXA scans. Prior to being positioned 
for the DXA scans, each participant’s standing right and left leg lengths were measured 
using a tape measure. Metallic markers were then placed at 60% of the length above and 
below each leg’s lateral epicondyle (i.e., from the lateral epicondyle to the greater 
trochanter and from the lateral epicondyle to the lateral malleolus, respectively) for post-
scan analysis ROI boundary placement (Figure 1). These lengths and boundaries were 
chosen according to previously described procedures (Raymond et al., 2017), thereby 
ensuring the largest assessment area was included without contralateral leg overlap in the 
lateral scan view. Notably, as the Hologic Horizon A DXA scanner’s software does not 
allow for ruler measurement in the post-scan’s “sub-region analysis” mode, marking these 
boundaries on the right and left legs’ frontal and lateral aspects prior to scans was necessary 
for manual ROI creation. 
Following metallic marker placement, all participants received three DXA scans (1 
whole-body, 2 lateral leg) to quantify and compare leg composition in the frontal and lateral 




position, and scans were analyzed using Hologic Apex software (Apex Version 5.6.0.4, 
Hologic Inc., Marlborough, MA, USA). Following the whole-body scan, participants 
underwent two leg scans (right and left), using the whole-body scan mode, to quantify total, 
fat, and lean masses, BMC, and BMD in the lateral view. Table length was measured and 
entered into the computer to ensure leg scans were completed when the DXA’s arm reached 
the shoulder, thereby excluding the head. Participants were repositioned for these 
segmented lateral scans as described previously by Raymond et al. (2017). 
Segmentation Procedures 
Upon DXA scan completion, a two-dimensional image was automatically produced 
for post-scan analysis. To examine the agreement of the lateral scanning method’s 
measurements in comparison to the whole-body frontal scanning method’s measurements, 
ROIs of equal area were created on the lateral and frontal scans, respectively, using the 
boundaries outlined by the metallic markers. Using the Hologic Apex software, the ruler 
function in the whole-body analysis mode was used to first ensure equal lengths and areas 
were represented by the metallic marker boundaries in the frontal and lateral views. 
Following ruler measurements, manual ROIs were created in the sub-region analysis mode. 
Specifically, in both the frontal and lateral views, the proximal and distal ROI borders were 
drawn at the level of the metallic markers placed at 60% of the length from (a) the lateral 
epicondyle to the greater trochanter and (b) the lateral epicondyle to the lateral malleolus, 
respectively. Lateral and medial ROI box borders were placed outside each leg’s area, 
ensuring inclusion of the entire leg within the boundaries described. Following ROI border 




Hologic Apex software does not directly provide lean mass measurements, the BMC 
measurements were subtracted from the [lean mass + BMC] measurements, thereby giving 
lean mass values. 
Statistical Analyses 
To examine the agreement of the lateral DXA scanning method using the Hologic 
Horizon A DXA scanner, paired t-tests were used to compare compositional measurements 
obtained from the lateral DXA scan view to the whole-body frontal scan view. All 
compositional comparisons were calculated as [frontal mass – lateral mass]. All data were 
analyzed using statistical analysis software (RStudio, Version 1.0.143; Boston, MA), with 
a set at 0.05 for paired t-tests. 
Results 
Table 1 presents participant descriptive characteristics. Right and left leg total mass, 
fat mass, lean mass, BMC, and BMD measurements for lateral and whole-body frontal 
scans are displayed in Table 2. Additionally, Table 2 presents mean differences ± SD and 
associated 95% confidence intervals between the lateral and whole-body frontal DXA 
scans for right and left leg total mass, fat mass, lean mass, BMC, and BMD measurements. 
Notably, leg composition comparisons between the frontal and lateral scan views, 
including total, fat, and lean masses, BMC, and BMD were all significantly different 
(p<0.001 to 0.046). Males and females are presented together in Table 2 as significant 
differences were observed for all composition variables in males and females separately 
(p-value range of 0.005 to <0.001), except for males’ right (p=0.72) and left (p=0.94) leg 




differences for each participant’s left and right leg lean (A-B) and total (C-D) masses, and 
Figure 3 displays differences for each participants’ left (A) and right (B) leg BMD, with 
the mean difference for each figure’s panel shown as a solid black vertical line. 
Discussion 
To our knowledge, only one study (Raymond et al., 2017) has assessed the accuracy 
of leg composition measurements obtained in the lateral scan view in comparison to 
standard whole-body frontal scan view measurements, with this study using a GE Lunar 
iDXA. Utilizing the same scan procedures, the present study evaluated the agreement of 
lateral scan view leg composition measurements compared to standard frontal view 
measurements using the Hologic Horizon A DXA scanner. The current study’s 
observations revealed significant differences across all leg composition measurements—
including total, fat, and lean masses, BMC, and BMD—between the lateral and frontal 
DXA scanning views using this manufacturer’s scanner. In detail, the lateral view 
underestimated all measurement variables. 
While previous studies (Burkhart et al., 2009; Hart et al., 2015; Kerr et al., 2016) 
utilizing DXA have reported the accuracy of total and regional body composition measured 
using frontal view supine subject positioning, fewer studies (Lambrinoudaki et al., 1998; 
Lohman et al., 2009) have assessed the accuracy of various subject positioning protocols 
in a different scan view compared to standard frontal supine subject positioning. In fact, 
most of these prior studies investigated prone vs. supine positioning. For example, a 
seminal study (Lambrinoudaki et al., 1998) utilizing the Hologic QDR 2000 fan-beam 




participants (age range = 16-69 yrs). Lambrinoudaki et al. (1998) reported prone 
positioning to significantly underestimate total BMC, total fat mass, and trunk lean mass, 
with total lean mass overestimation (all p<0.001). These observations were similar to a 
study conducted by Lohman and colleagues (2009) in 30 males (age range = 22-61 yrs)—
using a GE Lunar Prodigy narrow fan-beam DXA scanner—in which the reproducibility 
of total and regional body composition measurements was examined in three consecutive 
positions: supine, prone, and supine. When performing correlations between the first 
supine scan vs. the (a) prone and (b) second supine scans, Lohman et al. (2009) reported 
slightly lower correlations between repeated values in supine-prone (r=0.70 to 0.90) than 
in supine-supine (r=0.75 to 0.95) measurements. Notably, these researchers concluded that 
differences in subject positioning affect DXA body composition measurements due to 
slight changes in tissue depth and fat distribution between positions. Specifically, as DXA 
provides a 2-dimensional image of a 3-dimensional object, small geometric projective 
errors may result due to depth changes of particular anatomical regions in relation to the 
scanner (Lambrinoudaki et al., 1998; Lohman et al., 2009).   
Assessing the accuracy of lateral DXA scanning measurements is also important. 
Briefly, lateral DXA scanning position assessment would allow for upper-leg 
compartmental (anterior/posterior) composition quantification, perhaps allowing for a 
more in-depth analysis of contralateral and ipsilateral upper-leg compartmental 
comparisons. These may provide greater insight into compositional asymmetries affecting 
the health of clinical population and athletes’ sport performance. In the only known study 




no significant measurement differences between lateral and frontal DXA scanning views 
for total, fat, and lean mass measurements (p-value range: 0.15-0.91) utilizing the GE 
Lunar iDXA scanner (Raymond et al., 2017). The preceding observations contrast with the 
current study’s observations wherein significant differences were seen for all 
measurements between the lateral and frontal scan views using the Hologic Horizon A 
DXA scanner. Further, the current study’s observations add to the literature by providing 
information regarding lateral view BMC and BMD measurements in comparison to frontal 
view measurements using the Hologic Horizon A. These measurement differences between 
scan views followed the same trend as those observed for total, fat, and lean masses. 
The differences between the observations reported by Raymond et al. (2017) and 
those of the current study may be due to a few factors. First, literature has noted that the 
inability to draw curved lines in the manual creation of ROIs during the post-scan analysis 
may contribute to errors, as researchers may be including more or less mass within the ROI 
than desired (Burkhart et al., 2009). Second, Burkhart et al. (2009) reported subject 
movement as a major source of error given movement’s effect upon DXA image resolution 
and quality. Finally, as mentioned, researchers have hypothesized that differences between 
various subject positioning views (e.g., supine vs. prone) may result in differences in tissue 
depth and the alteration of scan attenuation ratios (Lambrinoudaki et al., 1998; Lohman et 
al., 2009). However, in the current study, a single trained technician conducted all DXA 
scans—ensuring no participant movement during the scans—and analyzed all scans 




Therefore, this study’s systematic manual ROI creation ensured ROIs of equal area were 
drawn in the lateral and frontal DXA scanning views. 
Perhaps the greatest contributor to the incongruent observations made in the present 
study compared to previous observations (Raymond et al., 2017) is the difference in DXA 
scanner model and manufacturer used in these studies. Notably, previous research has 
indicated DXA image resolution and quality to vary between DXA scanner models and 
manufacturers (e.g., GE, Hologic, Norland) (Genton et al., 2005; Soriano et al., 2004; 
Toombs et al., 2012; Tothill et al., 1994a; Tothill et al., 1994b; Tothill et al., 2001). This is 
largely due to differences in the manufacturers’ proprietary analysis software, in which 
different algorithms are used to calculate fat, lean, and bone masses (Toombs et al., 2012; 
Van Loan et al., 1995), in addition to differences in hardware and scanner geometry (i.e., 
fan-beam vs. narrow fan-beam) (Slater et al., 2013). In fact, these hardware and software 
differences have been reported to contribute to differences in total and regional body 
composition estimates between DXA scanner models produced by different manufacturers 
(Genton et al., 2005; Soriano et al., 2004; Toombs et al., 2012; Tothill et al., 2001) and 
different DXA scanner models produced by a single manufacturer (e.g., GE Lunar Prodigy 
vs. GE Lunar iDXA; Hull et al., 2009). When this reasoning is applied to the current study’s 
observations, it is noteworthy that the Hologic Apex software allows only for manipulation 
of ROI box size and placement within the sub-region post-scan analysis mode but does not 
allow for separate ROI lines to be drawn—a feature available in the GE enCoreTM software 




scanning method on DXA scanners produced by different manufacturers appears to be 
limited due to manufacturers’ hardware and software differences. 
Major strengths of the current study include the study population’s wide body 
composition range (BMI range: 18.8-27.5 kg/m2)—similar to the study population (BMI 
range: 19.0-32.0 kg/m2) assessed by Raymond et al. (2017)—and inclusion of males and 
females. Second, all leg measurements were made prior to conducting lateral and frontal 
DXA scans, and these measurements were marked by metallic markers (Figure 1)—
ensuring all measurement leg lengths and ROI areas were equal between scans. These 
measurement lengths and areas in the frontal and lateral views were verified using the 
Hologic Apex software’s ruler function. 
Conclusion 
In conclusion, while lateral subject positioning has previously demonstrated 
accuracy in quantifying lower extremity body composition in comparison to measurements 
of equal area in the standard whole-body frontal view using a GE Lunar iDXA (Raymond 
et al., 2017), the current study did not observe agreement between the two views using the 
Hologic Horizon A DXA scanner. These observations indicate caution should be used 
when examining leg composition in the lateral view using a Hologic Horizon A DXA 
scanner—perhaps limiting the reliability of performing this measurement method on 
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Table 1. Study Participant Characteristics 
  Male Female Total 
n 14 16 30 
Age (yr)  21.6±2.0 21.3±1.4 21.4±1.7 
Body weight (kg) 77.4±8.9 61.0±4.6 67.6±11.5 
Height (m) 1.78±0.08 1.64±0.1 1.71±0.1 
BMI (kg/m2) 24.3±2.4 21.9±1.9 23.1±2.5 
Percent Body Fat (%) 16.9±2.5 27.6±2.5 22.6±5.9 
Total Fat Mass (kg) 13.0±1.7 16.6±1.9 14.9±2.6 
Total Fat-Free Mass (kg) 64.4±10.3 43.5±3.8 53.3±12.9 
Total Lean Mass (g) 61.5±9.5 41.3±3.6 50.7±12.4 
 
Abbreviations: BMI, body mass index 
Age, body weight, height, BMI, percent body fat, total fat mass, total fat-free mass, and 




Table 2. Mean Measurement Values and Paired t-test Results Between the Frontal and 
Lateral DXA Scan Views 
 Side Variable 
Frontal 






Right Total Mass (kg) 7.12±0.91 6.39±0.85 0.73±0.23 0.64, 0.82 
 
Fat Mass (kg) 1.70±0.44 1.36±0.33 0.34±0.15 0.28, 0.40 
 
Lean Mass (kg) 5.14±1.05 4.77±0.92 0.38±0.23 0.29, 0.46 
 BMC (kg) 0.28±0.06 0.23±0.05 0.05±0.05 0.03, 0.07 
 BMD (g/cm2) 1.39±0.14 1.36±0.15 0.03±0.07 0.00, 0.04 
Left Total Mass (kg) 7.12±0.97 6.38±0.92 0.74±0.25 0.65, 0.84 
 
Fat Mass (kg) 1.70±0.44 1.39±0.36 0.31±0.17 0.25, 0.37 
 
Lean Mass (kg) 5.15±1.12 4.76±0.97 0.39±0.24 0.30, 0.48 
 BMC (kg) 0.28±0.06 0.24±0.06 0.04±0.01 0.04, 0.05 
 BMD (g/cm2) 1.39±0.15 1.36±0.17 0.02±0.06 0.00, 0.05 
 
P-values and 95% Confidence Intervals were calculated using paired t-tests of the mean 
difference ± SD of each measure. Mean differences were calculated as [Frontal Scan – 
Lateral Scan Measurements]. Abbreviations: BMC, bone mineral content, BMD, bone 




























Figure 2. Individual Participants’ Mean Differences for Left and Right Leg (A-B) 
Lean Mass and (C-D) Total Mass 
Note: Solid black vertical line on each panel represents the mean of the mean 






Figure 3. Individual Participants’ Mean Differences for Left (A) and Right (B) Leg 
Bone Mineral Density (BMD) 
Note: Solid black vertical line on each panel represents the mean of the mean 
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Background: We recently reported a novel method for measuring upper leg 
anterior/posterior compartmental composition. Objective: To determine the association of 
this method with measures of muscle specific and explosive strength and to compare this 
method to traditional dual energy X-ray absorptiometry (DXA) measurements of total and 
upper leg masses. We hypothesize this method will be related to muscle specific strength 
measured by isokinetic dynamometry and explosive strength measured by jump 
mechanography. Methods: Nineteen NCAA Division I college athletes (10 female; 
age=20.4±1.4 years; height=1.8±0.1 m; weight=73.8±17.0 kg) underwent three DXA scans 
(1 total-body, 2 lateral) and knee extension/flexion strength assessment using isokinetic 
dynamometry at three velocities (60, 120, 180°•s-1). A subset of 10 participants also 
completed a squat jump on a force platform on a different day. Pearson correlations 
compared three separate lean soft tissue mass (LSTM) regions of interest (total-leg, upper 
leg, compartmental leg) with (a) isokinetic peak torque and (b) squat jump height, peak 
force, and peak and average rate of force development. Results: Compartmental leg LSTM 
demonstrated similar correlations (r=0.437-0.835) with peak torque in comparison with 
total-leg (r=0.463-0.803) and upper leg (r=0.449-0.795) LSTM. Summed right and left 
total-leg (r=0.830-0.940), total upper leg (r=0.824-0.953), and anterior (r=0.582-0.798) 
and posterior (r=0.750-0.951) compartmental leg LSTM demonstrated moderate-to-strong 
correlations with all squat jump variables, particularly jump height (p<0.05). The lateral 




leg LSTM in relation with isokinetic and squat jump measurements—important outcomes 
when examining an athlete’s response to training and rehabilitation. 
Introduction 
Body composition, muscle specific strength, and explosive strength (time-restricted 
force production during a ballistic task) are common assessments in sports performance. 
Often, these assessments are used as benchmarks for training to optimize performance, 
assess return to play, or examine injury risk (Ackland et al., 2012; Bloms et al., 2016). 
Specifically, coaches, physical therapists, and sports medicine professionals utilize 
isokinetic dynamometry to assess muscle specific strength (often following injury) and 
employ jump mechanography testing—using the validated (Markovic et al., 2004) 
countermovement and squat jump techniques—to assess dynamic lower body force 
production and estimate muscle function (Impellizzeri et al., 2007; Iossifidou et al., 2005). 
However, not only is the assessment of athletes’ absolute strength and force production 
important for monitoring changes in response to training and rehabilitation, but the 
examination of these variables in relation to lean muscle mass is necessary in determining 
relative muscle functionality (Bell et al., 2014; Jordan et al., 2015). 
Previous studies have examined muscle size (i.e., volume, cross-sectional area) in 
relation to force production to assess muscle functionality (Akagi et al., 2014; Denadai et 
al., 2016; Masuda et al., 2003), reporting muscle size as a major determinant of muscle 
strength (Fukunaga et al., 2001). These studies have examined the correlation between 
contralateral (opposite side) and ipsilateral (same side; i.e., quadriceps vs. hamstrings) leg 




2014; Denadai et al., 2016) and significant moderate (Masuda et al., 2003) correlations 
reported. However, these studies have used expensive methods, such as computed 
tomography or magnetic resonance imaging to examine muscle mass—methods which do 
not offer practicality in the sports performance or rehabilitation settings due to their high 
cost and results that may be difficult to analyze. 
More recently, researchers have utilized dual X-ray absorptiometry (DXA)—
currently considered the “gold standard” for quick and non-invasive total and regional 
body composition examination (Haarbo et al., 1991; Lee & Gallagher, 2008; Mazess et al., 
1990)—to measure contralateral lower extremity (i.e., total-leg, upper leg) lean soft tissue 
mass in the frontal view. These studies have reported a direct association between lower 
extremity lean soft tissue and functional analyses, such as jump mechanography 
measurements, in athletes (Bell et al., 2014; Jordan et al., 2015; Stephenson et al., 2015). 
To date, however, no studies have assessed ipsilateral lean soft tissue mass using DXA—
measured in the lateral view—in relation to functional assessment methods (e.g., isokinetic 
dynamometry or jump mechanography). We recently demonstrated the accuracy and 
reliability of a lateral segmentation DXA scanning method (Raymond et al., 2017), which 
measures upper leg compartmental (anterior/posterior) composition, that would increase 
the feasibility of performing ipsilateral lean soft tissue mass measurements, particularly in 
relation with muscle specific and explosive strength. 
Therefore, the purpose of this exploratory study was to determine the association 
of the lateral segmentation method with measures of muscle specific and explosive strength 




masses. More specifically, the present study sought to: (a) examine and compare the 
relationship of (i) total leg, (ii) upper leg, and (iii) compartmental (anterior/posterior) leg 
lean soft tissue mass with strength measured using an isokinetic dynamometer; and (b) 
assess the relationship of the sum of right and left (i) total leg, (ii) total upper leg, and (iii) 
anterior and posterior (assessed separately) lean soft tissue mass with squat jump 
measurements on a single force platform. We hypothesized that the lateral segmentation 
method for measuring anterior/posterior compartmental lean soft tissue mass would be 
strongly associated with muscle specific strength during an isokinetic task while also 
demonstrating some relation to explosive strength during a jumping task. If our hypotheses 
are correct, this novel measurement method would be useful to examine the relationship of 
athletes’ muscle mass and muscle strength characteristics when assessing relative muscle 
functionality—particularly to examine athletes’ response to training programs or 
rehabilitation programs following a lower extremity injury (e.g., anterior cruciate ligament 
tears). 
Methods 
Experimental Approach to the Problem 
The current study utilized a cross-sectional design to examine the association of 
upper leg compartmental lean soft tissue mass measured using the lateral segmentation 
DXA scanning method with (a) isokinetic peak torque and (b) squat jump height and jump 
execution variables. Further, the current study aimed to compare the aforementioned 
associations to associations observed when examining total-leg and total upper leg lean 





Nineteen NCAA Division I college-age athletes (10 female; age=20.4±1.4 years, 
range = 18 to 23 years; height=1.8±0.1 m; weight=73.8±17.0 kg) participating in track and 
field (n=14) and football (n=5) were recruited from the University of Minnesota-Twin 
Cities campus. Subjects were healthy and had a body mass index (BMI) >18.5 kg/m2 
(23.6±3.8 kg/m2). The study protocol was approved by the University of Minnesota 
Institutional Review Board. All subjects were informed of the risks and benefits of the 
study prior to giving written informed consent to participate in the study. 
Procedures 
DXA Scans. All scans were performed at the Clinical and Translational Science 
Institute on the University of Minnesota campus between 8:00 am and 12:00 pm. Each 
participant’s height and weight were measured using an electronic scale and wall-mounted 
stadiometer (Model S100; Ayrton Corp., Prior Lake, MN). BMI was calculated as the body 
weight in kilograms divided by height in meters squared. All female participants were 
screened for a negative pregnancy test prior to undergoing DXA scans, with all participants 
wearing light clothing free of metallic material during the DXA scans. Following height 
and weight measurements, total body composition was measured using standard total-body 
frontal DXA scanning procedures (GE Healthcare Lunar) in the supine position on a GE 
Lunar iDXA system (iDXA, General Electric Medical Systems, Madison, WI, USA), with 
post-scan analyses performed using enCoreTM software (platform version 16.3, General 
Electric Medical Systems, Madison, WI, USA). After the total-body scan, participants 




fat mass and lean soft tissue mass in the lateral view. Notably, the leg scans were considered 
complete once the scan reached the shoulder, thereby excluding the head. The scanning 
procedures for this lateral positioning have been described previously (Raymond et al., 
2017). 
Upon scan completion, a two-dimensional image was automatically produced for 
post-scan analysis. The post-scan analysis was then segmented to allow for the assessment 
of lean soft tissue mass within three regions of interest (ROIs): (i) total-leg in the total-
body frontal view; (ii) total upper leg in the total-body frontal view; and (iii) anterior and 
posterior upper leg compartments in the lateral segmentation DXA scanning view. Total-
leg lean soft tissue mass for the right and left leg of each participant were obtained from 
automatically generated ROIs whereas upper leg lean soft tissue mass was assessed using 
the procedure previously described by Bell et al. (2014), with the proximal border of the 
ROI bisecting the femoral neck and the distal border bisecting the lateral epicondyle of the 
knee. Of note, the medial and lateral borders were drawn to include the entire area of the 
upper leg. Finally, anterior and posterior compartmental upper leg lean soft tissue mass 
was examined using procedures previously described by Raymond et al. (2017). Briefly, 
the anterior ROI borders were placed at the lateral epicondyle (distal), 80% of the length 
between the lateral epicondyle and greater trochanter (proximal), down the shaft of the 
femur (medial), and outside of the leg area (lateral). The posterior ROI borders were placed 
similarly—mirroring the borders of the anterior ROI box. All scans were analyzed by the 




(Raymond et al., 2017) to demonstrate high inter- and intra-rater reliability (coefficients of 
variation < 4.8%). 
Isokinetic Dynamometry. Following DXA scans, participants performed standard 
procedures of unilateral right and left knee flexion and extension on a Biodex System 3 
Pro (Biodex Medical Systems, Shirley, NY) isokinetic dynamometer to assess strength—
a testing procedure previously shown reliable (intraclass correlation coefficient = 0.82-
0.98) (Feiring et al., 1990). Participants were seated on the Biodex system and secured with 
padded straps around the thigh, pelvis, and torso to minimize accessory and compensatory 
movements during testing. The femoral condyle of the tested leg was aligned with the 
center of the Biodex axis of rotation per the manufacturer’s instructions, with the cuff of 
the dynamometer lever arm secured just superior to the lateral malleolus of the tested leg. 
Participants were instructed to hold on to the handles located at the sides of the seat after 
which knee joint range of motion was determined and set to approximately 90°. To 
determine knee strength for the quadriceps and hamstring muscles, participants were 
instructed to perform three trials of knee extension and flexion, respectively, on each leg 
(six trials total) at velocities of 60, 120, and 180°•s-1, with each trial consisting of 10 
repetitions (total of 30 repetitions each leg). Peak torque normalized to body weight at each 
velocity for both legs of each participant was used in the statistical analyses. 
Squat Jump. On a separate day, participants performed three squat jumps on a single 
force platform (Kistler, 9286AA, Switzerland)—a protocol which has demonstrated high 
reliability (coefficient of variation=3.3%) (Markovic et al., 2004). Due to participant time 




testing. After the participant’s weight in Newtons (N) was determined, the force platform 
was zeroed. Each participant began the squat jump with feet shoulder width apart, toes 
pointed forward, and hands on hips (Impellizzeri et al., 2007). Keeping the hands on the 
hips reduces the influence of arm motion which allows for a better reflection of lower 
extremity function contributing to jump height and force production (Impellizzeri et al., 
2007). Participants were then instructed to squat down to a 90° angle of knee flexion and 
remain stationary for 3 seconds before jumping off the force platform as fast as possible to 
attain maximal jump height—landing back on the force platform after performing each 
jump. If a countermovement was detected after static squatting and during jump initiation, 
the results were discarded and participants were asked to perform another trial. This 
procedure was implemented as a jump without a countermovement (i.e., squat jump) to 
minimize variability and measurement error when calculating jump height and jump 
execution variables, such as peak rate of force development (RFD) (Hori et al., 2009). One 
minute of rest between each repetition was given to each participant for recovery. 
BioWare® software (Kistler 2812A, Switzerland) was used for data collection (1202 Hz). 
Data was filtered (fourth-order Butterworth low-pass, 50 Hz cutoff frequency) and 
exported for each trial. Variable calculation was automated using the procedure described 
in Fitzgerald et al. (2017). Jump height and execution variables (i.e., peak and average RFD 
and peak force) were calculated. Jump height was calculated using the following equation 
developed by Moir et al. (2009): Jump height = (vertical velocity of center of mass at 
takeoff)2 / (2x9.81). Peak force attained before takeoff was recorded. Peak RFD, which 




derivative of the vertical force trace while average RFD was calculated by dividing peak 
force by time to peak force (Fitzgerald et al., 2017). Average jump height and execution 
values from the three trials were then used in the statistical analyses. As squat jump testing 
was completed on a single force platform (as opposed to dual force platforms), all right 
and left leg lean soft tissue mass measurements for each of the three respective analyses 
(i.e., total leg, total upper leg, compartmental leg) were summed prior to analysis. 
Statistical Analyses 
 All data analyses were performed using SPSS version 24 (IBM Software, New 
York, USA). Pearson correlation coefficients examined the relationship between lean soft 
tissue mass measured using three different ROIs and (a) normalized peak torque at the three 
different angular velocities measured via isokinetic dynamometry and (b) normalized jump 
execution variables (average and peak RFD and peak force) and jump height measured via 
squat jump. The three ROIs examined were: (i) total leg and (ii) upper leg lean soft tissue 
mass measured in the total-body frontal DXA scanning view and (iii) compartmental 
(anterior/posterior) upper leg lean soft tissue mass measured in the lateral segmentation 
DXA scanning view. Cohen’s criteria were used to categorize correlation strength (Cohen, 
1988). As all correlation analyses were within-subject, and as correlation values were 
similar for males and females separately, all individuals were combined. Significance was 
set at p<0.05. 
Results 
Study participant characteristics are presented in Table 1. Correlation coefficients 




measurements and isokinetic peak torque during extension and flexion at each of the three 
angular velocities are displayed in Table 2. Observations revealed compartmental leg lean 
soft tissue mass demonstrated similar correlations with peak torque at each angular velocity 
in comparison with total leg and upper leg lean soft tissue mass. Notably, of all the 
compartmental measurements, the right posterior (range: r = 0.526 to 0.835) and left 
anterior compartments (range: r = 0.556 to 0.721) demonstrated the highest correlations 
(all p<0.05). Although smaller, upper leg lean soft tissue mass also demonstrated 
significant correlations for extension (r = 0.503 to 0.584) and a majority of flexion (r = 
0.449 to 0.795) measurements. Finally, total leg lean soft tissue mass was observed to have 
similar and significant correlations for extension (r = 0.497 to 0.591) and flexion (r = 0.463 
to 0.803) when compared to upper leg and compartmental leg lean soft tissue mass 
measurements. Overall, the highest correlations for all three analyses (i.e., total leg, upper 
leg, and compartmental leg) with peak torque were generally observed at angular velocities 
of 60°•s-1 and 120°•s-1, with similar correlations observed for compartmental, upper leg, 
and total-leg ROIs (see Figure 1 [extension at 60°•s-1] and Figure 2 [flexion at 120°•s-1]). 
Cohen (9) suggests all correlation values are moderate (0.3 to 0.5) to large (0.5 to 1.0). 
Table 3 displays correlations of total leg lean soft tissue mass, total upper leg lean 
soft tissue mass, and the sum of upper leg compartmental lean soft tissue mass of each leg 
(i.e., right + left anterior, right + left posterior) with jump height and jump execution 
variables. Data indicated that total leg (range of r = 0.830 to 0.940) and total upper leg 
(range of r = 0.824 to 0.953) measurements demonstrated significantly strong correlations 




comparing the upper leg compartments, the sum of the posterior right and left leg lean soft 
tissue mass measurements demonstrated higher correlations for each vertical jump variable 
(range of r = 0.750 to 0.951) compared to the sum of the anterior right and left leg lean 
soft tissue mass measurements (range of r = 0.582 to 0.798) (Table 3; Figure 3). Further, 
lean soft tissue mass in the total leg, total upper leg, and anterior and posterior 
compartments demonstrated higher correlations with jump height than with RFD or peak 
force. Similar correlations were observed between lean soft tissue mass measured using the 
aforementioned ROIs and average and peak RFD, with slightly higher correlations 
observed between lean soft tissue mass and peak force (Table 3). Finally, Figure 3 displays 
the similarly strong correlations of lean soft tissue mass measured using total-leg (r = 
0.940), total upper leg (r = 0.953), and sum of anterior (r = 0.798) and sum of posterior (r 
= 0.951) compartmental leg ROIs with jump height. Cohen (9) suggests all correlation 
values are high (0.5-1.0). 
Discussion 
To our knowledge, this is the first study to assess the association of upper leg 
compartmental lean soft tissue mass measured using the lateral segmentation DXA 
scanning method with (a) peak torque measured via isokinetic dynamometry and (b) squat 
jump height/execution variables measured via jump mechanography and to compare this 
segmentation method to traditional DXA measurements of total and upper leg masses. The 
most important finding of this study was the moderate-to-strong correlations (p<0.05) 
observed between upper leg compartmental (i.e., anterior/posterior) lean soft tissue mass 




similar to those observed for total-leg and upper leg lean soft tissue mass measurements. 
Our hypothesis was therefore supported by the observation that the lateral segmentation 
method for measuring anterior/posterior compartmental lean soft tissue mass is strongly 
correlated with muscle specific strength during an isokinetic task (Table 2) and 
demonstrates a strong relation with explosive strength during a jumping task (Table 3). 
These observations are important, as the lateral segmentation method could be utilized by 
sports medicine professionals to (a) examine athletes’ compartmental lean soft tissue mass 
and muscle function in response to training or rehabilitation or (b) assess lean mass and 
functional imbalances that may increase athletes’ injury or reinjury risk. 
Currently, literature examining athletes reports a mixed relationship between 
muscle size (i.e., cross-sectional area, muscle volume) and strength (peak torque) for 
isokinetic concentric/eccentric maximal voluntary muscle contractions. Some studies 
(Akagi et al., 2014; Denadai et al., 2016) have reported low, non-significant correlations (r 
= -0.33 to 0.28) between these two variables, while others (Masuda et al., 2003) have 
observed significant (p<0.05) moderate correlations of quadriceps and hamstring muscle 
cross-sectional area (evaluated separately) with isokinetic peak torque of the knee 
extensors (r = 0.54-0.60) and flexors (r = 0.54-0.64), respectively. In the current study, 
moderate-to-strong positive correlations were observed between lean soft tissue mass and 
peak torque. Further, ipsilateral compartmental lean soft tissue mass demonstrated similar 
correlations across each of three isokinetic velocities of extension/flexion compared to 
total-leg and upper leg lean soft tissue mass measurements. This observation might be due 




includes not only knee extensor/flexor muscles in the respective anterior/posterior upper 
leg compartments but also additional muscles (e.g., adductors) that may contribute to 
isokinetic peak torque measurements. Further research is warranted to confirm this 
hypothesis in other athlete populations. 
It is also noteworthy that the current study observed the highest correlations among 
all three lean soft tissue mass ROI contexts (total-leg, upper leg, compartmental leg) with 
isokinetic velocities of 60 and 120°•s-1 during flexion and 60°•s-1 during extension (Table 
2, Figures 1 and 2). Although higher velocities (e.g., ³180°•s-1) have more specificity and 
transference to sports movements, lower velocities (e.g., 60 and 120°•s-1) allow time for 
agonist/antagonist muscle (e.g., quadriceps/hamstrings) co-activation, thereby providing 
an in-depth analysis of specific muscle group strength and knee joint stabilization during 
knee extension/flexion (Aagaard et al., 1995; Aagaard et al., 1996). These observations 
therefore suggest that future studies use these two velocities to assess athletes’ strength in 
association with compartmental, upper, and total-leg lean soft tissue mass—particularly to 
examine athletes’ longitudinal changes in muscle function in response to training or 
rehabilitation programs. 
The present study also observed strong positive correlations of lean soft tissue mass 
measured in all three lean soft tissue mass ROI contexts with squat jump variables. These 
observations are not only congruent with observations of a positive association between 
total-body and lower limb lean soft tissue mass with countermovement jump height 
(p<0.001, r=0.73) and peak power (p<0.001, r=0.74) noted by Stephenson et al. (2015) in 




al., 2014; Jordan et al., 2015). These studies, using dual force platforms, observed a direct 
relationship between lean soft tissue mass measured using various lower extremity ROIs 
(e.g., upper leg, lower leg) and jump height and explosive strength. Therefore, the current 
study’s observations are well supported by literature assessing the association between lean 
soft tissue mass and force production in athletic populations (Bell et al., 2014; Jordan et 
al., 2015). Finally, these observations are important, as they provide an additional method 
by which coaches and sports medicine professionals can assess not only region-specific 
lean mass and explosive strength separately, but also examine how these variables relate 
to muscle function—critical measures to monitor for the goal of optimizing sports 
performance, preventing lower extremity injury, and ensuring athletes’ readiness to return 
to play following injury. 
Finally, it should be noted that some variability in jump performance is unexplained 
by lean soft tissue mass measurements. In fact, literature (Aagaard & Thorstensson, 2008; 
Bell et al., 2014; Harridge et al., 1996; Lees et al., 2004; Lepley et al., 2017; Montgomery 
et al., 2012; Walsh et al., 2012) suggests that additional factors, such as neuromuscular 
control, muscular strength, muscle cross-sectional area, muscle fiber type, and limb and 
tendon length, among others, may be responsible for differences in force production and 
an individual’s RFD. Therefore, although the lateral segmentation DXA scanning method 
utilized in the current study provides a more in-depth analysis of the distribution of lean 
soft tissue mass within the upper leg in relation to jump height and execution, other factors 




Major strengths of the current investigation include: (a) the study population’s large 
variation in body composition, with a BMI range of 19.1-32.1; (b) control of arm 
movement during the squat jump by instructing participants to place hands on hips, thereby 
removing arm swing influence on test results and better reflecting lower-limb muscle 
function; and (c) use of DXA to assess body composition. Limitations of the current study 
include a small sample size, use of a single force platform instead of a dual force platform, 
and lack of record pertaining to dominant leg. Additionally, a potential risk for false 
positive significant correlations was present due to the large number of correlations 
performed. However, Figures 1 and 2 show that the smaller ROIs demonstrated similar 
correlations to those of the larger ROIs (e.g., compartmental leg vs. total-leg lean soft tissue 
mass). Relatedly, because the current study was the first to examine the relationship of lean 
soft tissue mass in each region of interest (i.e., compartmental, upper, and total leg) and 
muscle specific strength (using isokinetic dynamometry), we felt it important to assess 
correlations at each of three velocities to determine the velocity demonstrating the highest 
correlations, and therefore multiple comparisons were performed. Finally, as a limitation 
of the DXA scanner, the post-scan analysis of the novel lateral segmented DXA scanning 
technique may not be capable of fully separating muscle compartments, thereby including 
additional muscles in either the anterior or posterior compartments (e.g., adductors). 
In conclusion, this study observed an association between upper leg compartmental 
lean soft tissue mass measured utilizing the lateral segmentation DXA scanning method 
with (a) isokinetic peak torque and (b) squat jump height/execution—variables important 




function. The preceding associations were similar to those observed for total-leg and upper 
leg lean soft tissue mass. Therefore, the current study demonstrated the feasibility of 
utilizing this novel scanning method to provide a more comprehensive analysis of the 
association between lean soft tissue mass in smaller regions of interest and muscle specific 
strength and explosive strength. 
Practical Applications 
The current study observed moderate-to-high correlations of upper leg 
compartmental lean soft tissue mass with muscle specific and explosive strength in a 
healthy athlete population—similar correlations to those observed for total-leg and upper 
leg lean mass measurements. The quantification of upper leg compartmental lean soft tissue 
mass utilizing the lateral segmentation DXA scanning method—particularly in relation to 
muscle specific and explosive strength—is important in the examination of an athlete’s 
relative muscle functionality. As such, this method may demonstrate future utility in 
assessing muscle functionality as it relates to sports performance, injury, or injury risk. 
More specifically, as contralateral and ipsilateral upper leg compartmental strength 
imbalances (particularly measured via isokinetic dynamometry) may increase an athlete’s 
risk of lower extremity injuries (e.g., anterior cruciate ligament tear, hamstring strain) 
(Croisier et al., 2002; Impellizzeri et al., 2007), the lateral segmentation method—in 
conjunction with functional testing—may provide utility in detecting these compartmental 
imbalances. Relatedly, as Bell et al. (2014) stated, deficiencies in lean soft tissue mass may 
not only decrease force production but may also have implications for injury risk. However, 




production, it is important to also assess ipsilateral lean soft tissue mass, as significant 
ipsilateral asymmetries may increase athletes’ injury risk. Therefore, information obtained 
while using the lateral segmentation method may allow strength and conditioning 
professionals, in addition to physical therapists, to develop more effective training and 
rehabilitation regimens to improve functionality of specific upper leg muscle groups, 
thereby optimizing athletes’ performance and potentially reducing future injury risk. 
Future research could compare the strength of relationship between upper leg 
compartmental lean soft tissue mass and (a) muscle specific strength and (b) explosive 
strength using a larger sample size and various athlete types to determine the optimal 
muscle functionality assessment method as it relates to ROI-specific lean soft tissue mass. 
Further, research is warranted to assess the utility of this lateral segmentation method in 
examining longitudinal changes in compartmental lean soft tissue mass in relation to 
muscle function in previously-injured athletes. Doing so may provide valuable insight into 
athletes’ rehabilitation progress (e.g., pre- to post-), thereby allowing physical therapists to 
longitudinally track changes in compartmental lean soft tissue mass in response to 
rehabilitation. Therefore, this method may provide utility in the analysis of contralateral 
and ipsilateral lean mass imbalances—particularly in relation to muscle function—not only 
to ensure previously-injured athletes safely return to play following rehabilitation but also 






Table 1. Descriptive Participant Characteristics and Baseline Measurements 
Table 2. Relationship of Unilateral Total, Upper, and Compartmental Leg Lean 
Soft Tissue Mass with Peak Torque Measurements 
Table 3. Correlations of Total Leg, Total Upper Leg, and Compartmental Leg 















Age (yr.) 20.4±1.4 18-23 
Body weight (kg) 73.8±17.0 55.2-102.4 
Height (m) 1.8±0.1 1.6-1.9 
Body Mass Index (kg/m2) 23.6±3.8 19.1-32.1 
Percent Body Fat (%) 16.2±4.1 8.3-22.1 
Total Fat Mass (kg) 11.2±2.7 7.1-16.0 
Total Lean Soft Tissue Mass (kg) 59.7±15.7 43.9-82.3 
 
Age, body weight, height, body mass index, percent body fat, total fat mass, and total 




Table 2. Relationship of Unilateral Total, Upper, and Compartmental Leg Lean Soft 
Tissue Mass with Peak Torque Measurements 
   Extension     Flexion   
  60°•s-1 120°•s-1 180°•s-1 60°•s-1 120°•s-1 180°•s-1 
Total Leg             
Right 0.591** 0.497* 0.539* 0.799** 0.803** 0.557* 
Left 0.509* 0.507* 0.532* 0.463* 0.738** 0.490* 
Upper Leg             
Right 0.584** 0.503* 0.573* 0.764** 0.795** 0.599** 
Left 0.549* 0.538* 0.567* 0.449 0.744** 0.479 
Compartmental Leg             
Right Anterior 0.545* 0.437 0.502* - - - 
Right Posterior - - - 0.791** 0.835** 0.526* 
Left Anterior 0.556* 0.706** 0.721** -  - - 
Left Posterior - - - 0.533* 0.743** 0.470* 
 
a Strength measurements were normalized to body weight, Nm×kg-1 
* Correlation is significant at p<0.05 





Table 3. Correlations of Total Leg, Total Upper Leg, and Compartmental Leg Lean Soft 
Tissue Mass with Double Leg Squat Jump Variables a 
 Lean Soft Tissue Mass Measure 
Jump 
Height RFD (avg) RFD (peak) Peak Fz 
Total Leg  0.940** 0.839** 0.830** 0.903** 
Total Upper Leg 0.953** 0.824** 0.862** 0.915** 
Compartmental Leg         
Anterior Sum (Right+Left) 0.798** 0.711* 0.651* 0.582 
Posterior Sum (Right+Left) 0.951** 0.750* 0.844** 0.916** 
 
a Strength measurements were normalized to body weight, N×kg-1 
Abbreviations: RFD (avg), average rate of force development; RFD (peak), peak rate of 
force development; Peak Fz, peak force. 
* Correlation is significant at the p<0.05 level. 








Figure 1. Relationship of Lean Soft Tissue Mass Using Three Separate ROIs and 
Strength During Extension at 60°•s-1 [Note: %BW indicates absolute peak torque values 
normalized to body weight and expressed as a percentage]. ROIs = regions of interest; 





Figure 2. Relationship of Lean Soft Tissue Mass Using Three Separate ROIs and 
Strength During Flexion at 120°•s-1 [Note: %BW indicates absolute peak torque values 
normalized to body mass and expressed as a percentage]. ROIs = regions of interest; BW 






Figure 3. Relationship of Lean Soft Tissue Mass Using Three Separate ROIs and 
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Context: Previous literature reports that contralateral (inter-limb) upper-leg muscle and 
strength asymmetries increase secondary anterior cruciate ligament (ACL) injury risk 
following ACL reconstruction (ACLR). However, a more detailed assessment of 
contralateral and ipsilateral (intra-limb) relative muscle functionality is needed. Objective: 
Evaluate different measures of muscle function, including lean mass (LM), isokinetic peak 
torque (PkTq), and explosive strength, between athletes with prior ACLR and matched 
controls. Design: Case-control study. Setting: University research laboratory. Patients or 
Other Participants: Twenty-four female athletes, 12 with prior ACLR and 12 controls, 
were matched by age (16.4±0.9 vs. 16.4±1.0 yrs.), body mass index (23.2±2.1 vs. 23.2±2.7 
kg/m2), and sport. Main Outcome Measures: Three dual X-ray absorptiometry (DXA) 
scans (1 total-body, 2 lateral leg) measured total and segmental body composition. 
Isokinetic dynamometry measured knee extensor/flexor PkTq. Squat jumps on force plates 
measured explosive strength. Paired t-tests assessed total-leg, upper-leg, and upper-leg 
compartmental LM, PkTq, and force production differences within- and between-groups. 
Linear regression assessed LM’s relationship with PkTq and force for each leg. Results: 
While no significant LM differences were observed between ACLR and control groups, 
the ACLR involved leg demonstrated lower total LM (7.13±0.75 vs. 7.43±0.99kg; 
p=0.004), anterior upper-leg LM (1.49±0.27 vs. 1.61±0.23kg; p=0.007), and posterior 
upper-leg LM (1.90±0.19 vs. 2.02±0.21kg; p=0.036) vs. the non-involved leg. PkTq in the 
ACLR involved leg (1.36±0.31; 1.06±0.27; 0.97±0.19Nm/kg) was lower vs. the non-




60 and 120°/sec and flexion at 60°/sec and vs. controls’ ‘matched’ leg (1.77±0.40Nm/kg; 
p=0.0097) for extension at 60°/sec. Similarly, ACLR involved leg peak force (296±45N) 
was lower vs. the non-involved leg (375±55N; p<0.001) and vs. the ‘matched’ control leg 
(372±88N; p=0.0152). Conclusions: One-year post-ACLR, adolescent female athletes’ 
involved leg demonstrated significant LM and muscle function deficits. These differences 






Anterior cruciate ligament (ACL) injuries are among the most severe lower 
extremity injuries suffered by athletes, with up to 80% occurring without contact (Joseph 
et al., 2013; Renstrom et al., 2008). Females have demonstrated a 2- to 6-fold greater ACL 
tear incidence than males in sex-comparable sports requiring cutting and jumping 
(Beynnon et al., 2014; Gornitzky et al., 2016; Paterno et al., 2012). Further, athletes’ 
secondary ACL injury rates (in either the involved or non-involved leg) are as high as 30% 
within 2 years after return-to-sport (RTS) (Paterno et al., 2014; Wiggins et al., 2016). 
Studies have reported athletes post-ACL reconstruction (ACLR) to demonstrate 
dysfunctional lower extremity biomechanics and contralateral force asymmetries during 
double- and single-leg landing and jumping tasks (Goerger et al., 2014; Hewett et al., 2005; 
Ithurburn et al., 2015; Palmieri-Smith & Lepley, 2015), with quadriceps strength and 
muscle mass asymmetries also noted (Konishi et al., 2011; Schmitt et al., 2012). Given the 
high secondary ACL injury incidence, exclusive contralateral strength and hop-test 
asymmetry assessment at the time of RTS may not be adequate to ensure athletes’ readiness 
to RTS. Instead, assessing lean mass’s relationship with muscle-specific and explosive 
strength (i.e., time-restricted force production) may provide greater insight into athletes’ 
relative muscle functionality (i.e., strength/force per unit lean mass) post-ACLR.  
To date, studies have separately investigated muscle-specific strength via isokinetic 
dynamometry and explosive strength via vertical jumping in ACLR athletes, with fewer 
studies having examined muscle mass/size. Studies using isokinetic dynamometry have 




(Risberg & Holm, 2009; Schmitt et al., 2012). Other studies employing magnetic resonance 
imaging (MRI) have reported significant contralateral quadriceps muscle volume (MV) 
asymmetries. In addition, significant differences in isokinetic extensor peak torque 
produced per unit of quadriceps MV between legs in physically active ACLR adults vs. 
controls has been reported (Konishi et al., 2007, 2011). Researchers have also reported 
force production asymmetries of ~15% in athletes with prior ACLR during the takeoff 
(Jordan et al., 2015; Paterno et al., 2007) and landing (Paterno et al., 2007, 2011) phases 
of the drop vertical jump (DVJ) and countermovement jump (CMJ). However, the DVJ 
and CMJ incorporate the stretch-shortening cycle which potentially masks neuromuscular 
asymmetries (Bobbert et al., 1996). Alternatively, the squat jump (SJ) requires athletes to 
exert force through a concentric-only contraction phase (a quadriceps-dominant 
movement), which may better assess underlying neuromuscular asymmetries masked by 
the stretch-shortening cycle (Bobbert et al., 1996; Byrne & Eston, 2002). However, there 
is limited research (Jordan et al., 2015) examining SJ force asymmetries in ACLR athletes, 
particularly in relation to lean mass. 
Dual X-ray absorptiometry (DXA) is currently considered the ‘gold standard’ body 
composition assessment method (Shultz & Schmitz, 2018) and may have great utility in 
assessing lean mass’s relationship with muscle-specific and explosive strength. Recently, 
a lateral view DXA scanning method demonstrated accuracy in analyzing upper-leg 
compartmental lean mass (Raymond et al., 2017), allowing for region-specific (e.g., 
quadriceps/hamstrings) lean mass quantification. These measurements subsequently 




production (Raymond-Pope et al., 2018). Notably, upper-leg compartmental lean mass 
assessments address recent calls by researchers (Bishop et al., 2018; Shultz & Schmitz, 
2018) for more detailed body composition analysis methods to examine how body 
composition contributes to dysfunctional lower extremity biomechanics and reinjury risk.  
This pilot study’s purpose was therefore to evaluate different measures contributing 
to muscle function in adolescent female athletes one-year post-ACLR vs. individually-
matched control athletes. Specifically, we sought to: (a) examine lean mass differences (i) 
between the involved (INV) and non-involved (NINV) legs of ACLR adolescent female 
athletes and (ii) between individually-matched legs of ACLR female athletes and healthy 
female athlete controls; and (b) examine the relationship between lean mass, isokinetic 
knee extensor/flexor peak torque, and explosive strength to determine the relative muscle 
functionality in ACLR female athletes’ legs. We hypothesized ACLR female athletes 
would demonstrate lower: (a) lean mass for each region of interest (ROI; compartmental, 
upper, total-leg); (b) isokinetic peak torque; and (c) force in the INV vs. NINV leg and 
matched control leg. 
Methods 
Subjects 
Twenty-four female athletes, 12 with previous ACLR and 12 healthy controls, 
participated in this pilot study. We recruited ACLR female athletes from local orthopedic 
centers and each ACLR female athlete was individually matched to a healthy female athlete 
control by age (16.4±0.9 vs 16.4±1.0 yrs.), body mass index (23.2±2.1 vs 23.2±2.7 kg/m2), 




postoperative period was 13.1±1.7 months. ACLR female athletes were included in the 
study if they were 15-18 years old, suffered a unilateral ACL injury, had ACLR within 10-
16 months before testing, and had been cleared to RTS. ACLR female athletes were 
excluded if they had ACL injury on both legs. Female controls were included if they 
matched with a specific ACLR athlete, were athletes currently participating on a high 
school sports team, were 15-18 years old, and had no history of ACL injury. Controls were 
excluded if they had a significant lower-body injury that led to substantial time off from 
sport 6 months before testing. This study’s protocol was approved by the University’s 
Institutional Review Board. Written informed consent was obtained from all athletes (and 
guardians, when participants were <18 years). 
DXA Scans. All athletes were instructed to abstain from vigorous exercise at least 
24 hours prior to testing and to come having fasted for at least 4 hours prior to DXA scans. 
Each athlete’s height and weight were measured using an electronic scale and wall-
mounted stadiometer (Model S100; Ayrton Corp., Prior Lake, MN). All athletes were 
screened for pregnancy before undergoing DXA scans and wore light, metallic-free 
clothing during scans. Total body composition was measured using standard total-body 
frontal DXA scanning procedures (GE Healthcare Lunar) in the supine position on a GE 
Lunar iDXA (iDXA, General Electric Medical Systems, Madison, WI, USA). Post-scan 
analyses were performed using enCoreTM software (platform version 16.3, General Electric 
Medical Systems, Madison, WI, USA). After the total-body scan, athletes received two 
DXA leg scans (one for each leg) using the full-body scan mode to quantify fat mass and 




described by Raymond et al. (2017). Following scan completion, a two-dimensional 
computer image was generated for post-scan analysis. The post-scan image was then 
segmented to assess lean mass within three ROIs: (i) total-leg in the frontal view; (ii) upper-
leg in the frontal view; and (iii) anterior/posterior upper-leg compartments in the lateral 
view. All segmental analyses have been described previously (Raymond et al., 2017; 
Raymond-Pope et al., 2018) and have demonstrated high inter- and intra-rater reliability 
(coefficients of variation < 4.8%). 
Isokinetic Dynamometry. Following DXA scans, all athletes performed standard 
same-day muscle testing procedures per previously described methods (Raymond-Pope et 
al., 2018) for unilateral right and left knee extension and flexion strength assessments on a 
Biodex System 3 Pro (Biodex Medical Systems, Shirley, NY) isokinetic dynamometer. 
Prior to testing, athletes completed a warm-up consisting of 5 minutes of jogging on a 
treadmill at a self-selected speed. To determine knee extensor and flexor torque, athletes 
performed two trials of knee extension and flexion on each leg (four trials total) at 60 and 
120°/sec, with each trial consisting of 10 repetitions and one minute of rest between each 
trial. For all ACLR and control group athletes, the right leg was always tested first, 
followed by testing of the left leg. Peak torque normalized to body mass at each velocity 
for both legs was used in the statistical analyses. 
Squat Jump. Following isokinetic dynamometry testing, athletes were given 15 
minutes of rest, after which they performed three SJs on dual force platforms (Kistler, 
9286AA, Switzerland). A SJ without countermovement was chosen to minimize variability 




average rate of force development [RFD]) (Hori et al., 2009). Each athlete began the SJ 
with feet shoulder width apart, toes pointed forward, and hands on hips to reduce the 
influence of arm movement on jump height/execution, therefore better reflecting lower 
extremity function (Impellizzeri et al., 2007; Markovic et al., 2004). Athletes squatted to a 
90° angle of knee flexion and remained stationary for 3 seconds before jumping off force 
plates as fast as possible to attain maximal jump height. One minute of rest between 
repetitions was given. BioWare® software (Kistler 2812A, Switzerland) was used for data 
collection (1202 Hz). Data were filtered (fourth-order Butterworth low-pass, 50-Hz cutoff 
frequency) and exported for each trial. Variable calculation was automated using the 
procedure described by Fitzgerald et al. (2017). Double-leg and between-leg jump height 
and execution variables (peak force, peak and average RFD, starting/acceleration 
gradients) were calculated using the same takeoff time. Jump height was calculated using 
the following equation (Moir et al., 2009): Jump height = [(vertical velocity of center of 
mass at takeoff)2/(2x9.81)]. The jump height ratio for each group’s legs (i.e., 
involved/noninvolved; matched/contralateral) was then calculated. Due to contralateral leg 
differences in weight transfer in the squat position, each leg’s starting velocity for each 
athlete was corrected to zero for standardization. This variable, although theoretical, 
considers body mass and evaluates each leg’s relative contribution to total jump height. 
Peak force attained before takeoff was recorded. Peak and average RFD were calculated 
per Fitzgerald et al. (2017). Starting gradient (half peak force/time to half peak force) and 




also calculated (Fitzgerald et al., 2017). Average jump height and execution values from 
the three trials were used in statistical analyses. 
Statistical Analyses 
 All data analyses were performed using RStudio (Version 1.0.143). Paired t-tests 
assessed total and segmental lean mass, isokinetic extensor and flexor peak torque, and 
force production mean differences within the ACLR (INV vs. NINV legs) and control 
(matched vs. contralateral legs) groups and between individually-matched ACLR and 
control adolescent female athletes. Each ACLR athlete’s INV and NINV legs were 
matched to their matched-control’s legs, termed “matched leg” and “contralateral leg,” 
respectively. Briefly, if an ACLR athlete had ACL reconstruction on her right leg, this leg 
was termed “INV” for ACLR athletes and “matched leg” for controls, with the contralateral 
leg termed the “NINV” leg for ACLR athletes and “contralateral leg” for controls. Primary 
outcome variables were analyzed according to an a level of 0.05, including: within- and 
between-group anterior and posterior lean mass measurements; isokinetic peak torque at 
60°/sec; and SJ height and peak force. Secondary outcome variables were analyzed 
according to an adjusted a level of 0.007 (p=0.05/7), including: within- and between-group 
upper-leg and total-leg LM measurements; isokinetic peak torque at 120°/sec; RFD; 
starting gradient (early-phase RFD); acceleration gradient (late-phase RFD); and jump 
height ratio. Effect sizes were calculated as Cohen’s d with magnitude interpreted as 
follows (Hopkins et al., 2009): 0.0-0.2 = trivial, 0.2-0.6 = small, 0.6-1.2 = moderate, 1.2-
2.0 = large, >2.0 = very large. When required, a Wilcoxon sign-rank test was used for non-




(Hopkins et al., 2009): 0.1-0.3 = small, 0.3-0.5 = moderate, 0.5-1.0 = large. Following the 
above statistical analyses, a sub-analysis examining lean mass asymmetry differences 
between ACLR and control groups were assessed using the following limb symmetry index 
(LSI) calculations: [ACLR LSI = (INV – NINV) / ((1/2)*(INV + NINV)) x 100%; Control 
LSI = (matched – contralateral) / ((1/2)*(matched + contralateral)) x 100%] . Finally, linear 
regression assessed (a) compartmental lean mass vs. isokinetic extensor/flexor peak torque 
and (b) total-leg lean mass vs. peak force of each leg. The slope (m) and coefficient of 
determination (R2) were calculated for each leg. The three lean mass ROIs examined were: 
(i) total-leg and (ii) upper-leg measured in the total-body frontal DXA scanning view and 
(iii) compartmental (anterior/posterior) upper-leg measured in the lateral DXA scanning 
view. Significance was set at p<0.05 for linear regression analyses. 
Results 
Table 1 displays body composition measurements of ACLR adolescent female 
athlete’s INV and NINV legs, along with the mean difference (±SD) of measurements 
between legs of the ACLR and control groups. No body composition differences were 
observed between ACLR and control groups for any ROI. However, the ACLR INV leg 
vs. NINV leg demonstrated significantly lower total-leg lean mass and fat mass, upper-leg 
lean mass, and anterior and posterior upper-leg lean mass. No significant mean differences 
in lower extremity body composition were observed between legs of controls (Table 1). 
Effect sizes for anterior, posterior, upper-leg, and total-leg lean masses were -0.47, -0.57, 
-0.48, and -0.31, respectively, for ACLR INV vs. NINV legs, and -0.22, -0.31, -0.66, and 




results of anterior (Panels A&B) and posterior (Panels C&D) compartmental LSI 
calculations, and Figure 2 presents upper-leg (Panels A&B) and total-leg (Panels C&D) 
LSI calculation results. 
Table 2 displays isokinetic peak torque measurements for knee extension and 
flexion within (i.e., between legs) and between ACLR and control groups. Peak torque was 
significantly lower in ACLR INV vs. NINV legs for extension at 60°/sec (d = -0.98) and 
120°/sec (d = -0.57) and for flexion at 60°/sec (d = -0.44). Between ACLR and control 
groups, peak torque was significantly lower in ACLR INV leg vs. controls’ ‘matched’ leg 
for extension at 60°/sec (d = -1.08). No significant differences were observed between the 
ACLR NINV leg vs. controls’ ‘contralateral’ leg (d = -0.35 to 0.25) (Table 2). 
Tables 3 and 4 present SJ between-leg and double leg measurement comparisons, 
respectively. Peak force was significantly lower in the ACLR INV leg vs. the NINV leg (r 
= -0.62) and between the ACLR INV leg vs. controls’ ‘matched’ leg (r = -0.46). However, 
no significant (d=0.13) difference in peak force was observed between the ACLR NINV 
leg vs. controls’ ‘contralateral’ leg. After adjustment, no significant differences were 
observed for all remaining SJ variables within the ACLR group and between ACLR vs. 
control groups (d = -0.33 to -0.32; r = -0.35 to -0.13). Regarding between-group double-
leg comparisons, only the jump height ratio was significantly lower in the ACLR 
(INV/NINV) vs. control group (matched/contralateral) (d= -1.24). 
Linear regression analysis for lean mass and isokinetic peak torque revealed a 
smaller slope between anterior lean mass and peak torque of extension at 60°/sec for ACLR 




controls (matched: m=0.04, R2=0.16, p=0.20; contralateral: m=0.05, R2=0.36, p=0.04) 
(Figure 3, Panel A). Conversely, the association between posterior lean mass and isokinetic 
peak torque of flexion at 60°/sec was similar between ACLR (INV: m=0.04, R2=0.46, 
p=0.02; NINV: m=0.02, R2=0.18, p=0.18) and controls (matched: m=0.03, R2=0.52, 
p=0.01; contralateral: m=0.03, R2=0.42, p=0.02) (Figure 3, Panel B). Linear regression 
analysis for total-leg lean mass and peak force during the SJ revealed that the association 
for each leg was weaker for ACLR participants (INV: m=0.02, R2=0.13, p=0.25; NINV: 
m=0.03, R2=0.25, p=0.10) compared to matched control participants (matched: m=0.06, 
R2=0.40, p=0.03; contralateral: m=0.06, R2=0.38, p=0.03) (Figure 4). 
Discussion 
To our knowledge, this is the first study to assess contralateral asymmetries of (a) 
DXA-measured lateral view upper-leg compartmental lean mass, (b) isokinetic peak 
torque, and (c) SJ-measured force production in ACLR adolescent female athletes 
following RTS. Deficits in lean mass, isokinetic extensor peak torque, and SJ peak force 
production were observed in ACLR athletes’ INV leg in comparison to their NINV leg. 
Further, lower peak torque and force were produced per unit of lean mass in both ACLR 
legs in comparison to individually-matched controls’ legs. These observations indicated 
residual impairments in ACLR adolescent female athletes’ lean mass and function despite 
RTS clearance. Observations may provide clinicians with more detailed information 
regarding relative muscle functionality one-year post-ACLR and potentially inform 
training/rehabilitation program development. 




Supporting our first hypothesis, significant contralateral lean mass deficits were 
observed across all ROIs (compartmental, upper-leg, total-leg) in ACLR adolescent female 
athletes’ INV leg compared to their NINV leg. These observations were similar to 
asymmetries previously reported for frontal view upper-leg lean mass measured by DXA 
(Jordan et al., 2015) and quadriceps MV measured by MRI (Konishi et al., 2007; Konishi 
et al., 2011). Although no significant lean mass mean differences were observed between 
our study’s ACLR and control groups, this observation was similar to that made by Konishi 
et al. (2011). It is noteworthy, however, that our study’s ACLR group demonstrated greater 
LSI values in upper- (effect size = -0.66; p<0.001) and total-leg (effect size = -0.43; 
p=0.004) lean mass compared to controls (Figure 2). 
Functional Comparisons 
Isokinetic Dynamometry Testing. Confirming our second hypothesis, ACLR 
adolescent female athletes demonstrated significant small to moderate isokinetic extensor 
peak torque deficits of ~20% and 15% in the INV leg at velocities of 60 and 120°/sec, 
respectively, compared to their NINV leg. Additionally, ACLR adolescent female athletes 
demonstrated significantly lower (~23%) extensor peak torque at 60°/sec vs. control’s 
‘matched’ leg. These observations indicated INV leg quadriceps weakness and are similar 
to prior studies examining isokinetic and isometric strength (Andersen et al., 2002; 
Cardone et al., 2004; Konishi et al., 2007; Konishi et al., 2011; McHugh et al., 2002). These 
studies cited contralateral quadriceps asymmetry averages of 23% and 14% within 6 and 




& Holm, 2009; Schmitt et al., 2012) and which may contribute to secondary ACL injury 
risk following RTS (Grindem et al., 2016). 
 Squat Jump Testing. Our third hypothesis was supported as we observed significant 
moderate to large force production deficits in ACLR adolescent female athletes’ INV leg 
of approximately 21% compared to their NINV leg and 20% in comparison to controls’ 
‘matched’ leg during the takeoff phase of a SJ. Previously, during the takeoff phase of a 
DVJ, Paterno et al. (2007) reported female athletes (mean age: 20.7±2.5 yrs.) 2 years post-
ACLR produced ~15% lower force in the INV leg in comparison to the NINV leg and 
~21% lower force compared to both legs of controls (all p=0.03). In a recent case-control 
study of elite alpine skiers (age range: 21-30.5 yrs.), Jordan et al. (2015) reported force 
production (i.e., impulse) LSI differences between ACLR and control groups during the 
CMJ’s concentric phase (from squat position to jump takeoff; 6.5% vs. 0.5%; p<0.05) and 
the second half of the SJ’s concentric phase right before takeoff (8.8% vs. -1.0%; p<0.05). 
Notably, these are movement phases which primarily use the quadriceps to generate force. 
Results from this study as well as previous research (Chmielewski et al., 2002; Hewett et 
al., 2005; Schmitt et al., 2012; Wiggins et al., 2016) imply that compensatory loading is 
placed upon the NINV leg, thereby increasing secondary contralateral (NINV) leg ACL 
injury risk. In addition, there is a decrease in the stimulus to strengthen the INV leg’s 
quadriceps, resulting in sustained quadriceps weakness. Interestingly, we also observed a 
trend toward double-leg peak RFD differences between the ACLR and control groups 




vs. controls’ legs, which is the first observation of this difference that we know of in any 
athlete population. Further research is warranted to investigate these novel observations. 
 Lean Mass vs. Functional Assessments. When examining the relationship between 
leg lean mass and functional measurements, our study’s ACLR adolescent female athletes’ 
INV and NINV legs demonstrated significant dysfunction vs. controls’ ‘matched’ and 
‘contralateral’ legs, respectively. During isokinetic testing, ACLR adolescent female 
athletes’ legs produced less extensor peak torque per unit of anterior compartmental lean 
mass, which is similar to that of Konishi et al. (2011). However, while no lean mass 
differences were observed in our study between the ACLR INV leg and controls’ ‘matched’ 
leg for any ROI, the INV leg demonstrated significant extensor peak torque deficits. When 
assessing the relationship between total-leg lean mass and force production during the SJ, 
both ACLR legs produced less force per unit of total-leg lean mass compared to controls’ 
legs. Unlike both legs of controls, no significant linear relationship was observed between 
total-leg lean mass and force in the ACLR INV and NINV legs. 
The preceding observations suggest isokinetic peak torque and SJ-measured force 
production deficits may be only partially explained by lean mass. In fact, other 
neuromechanical variables, in addition to lean mass, may be contributing to the relative 
muscle dysfunction observed in adolescent female athletes’ legs following ACLR. 
Researchers have suggested arthrogenic muscle inhibition as a neural mechanism which 
may prevent full quadriceps activation by decreasing motor unit recruitment and firing 
frequency during quadriceps muscle contraction (Kuenze et al., 2014; Johnson et al., 2018). 




can also not be ruled out that psychological factors related to levels of motivation and 
confidence, expectations, and fear of re-injury may also affect ACLR athletes’ 
rehabilitation, training, and RTS outcomes (Ardern et al., 2013; Sonesson et al., 2017). 
This pilot study’s strengths included: (a) the matched case-control study design; (b) 
control of arm movement during the SJ by requiring participants to place hands on hips; 
(c) use of the gold standard DXA to assess body composition; and (d) use of two force 
platforms to measure force produced by each leg. The small sample size represented the 
study’s main limitation. It should also be noted that the DXA scanner may not have been 
fully capable of entirely separating muscle compartments in the post-scan analysis when 
using the lateral segmentation DXA scanning method. This limitation may have allowed 
additional muscles (e.g., adductors) to be included in the anterior or posterior 
compartments. Regardless, this lateral segmentation method has demonstrated accuracy 
and reliability in assessing compartmental lean mass (Raymond et al., 2017). 
Conclusion 
We observed significant (a) DXA-measured total-, upper-, and compartmental-leg 
lean mass, (b) isokinetic extensor peak torque, and (c) SJ peak force asymmetries to persist 
in adolescent female athletes’ INV leg one-year post-ACLR. Additionally, we observed 
relative muscle dysfunction in both INV and NINV legs when assessing the relationship 
between lean mass and the preceding functional assessments. These observed asymmetries 
and relative muscle dysfunction are important for clinicians to consider when designing 
individualized rehabilitation and training programs prior to and following RTS, 




injury risk. Briefly, clinicians might consider training and routinely testing specific muscles 
(e.g., quadriceps) and explosive movements (e.g., vertical jumping) to reduce contralateral 
and ipsilateral asymmetries in lean mass and force production during rehabilitation and 
post-RTS. Future studies in other ACLR athlete populations are warranted to: (a) examine 
the relationship between lean mass and muscle-specific and explosive strength using a 
larger sample size; and (b) longitudinally assess how the preceding relationships change 
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Table 1. Mean (±SD) Body Composition Comparisons in Three ROI Contexts Within ACLR and Within Control Groups 


















Total Leg         
Total Mass (kg) 11.74±1.48 11.91±1.70 -0.16 0.183 12.09±1.83 12.05±1.77 0.04 0.716 
Lean Mass (kg) 7.13±0.75 7.43±0.99 -0.30 0.004a 7.54±1.00 7.50±0.94 0.04 0.649 
Fat Mass (kg) 4.17±0.94 4.02±0.91 0.15 0.033a 4.05±1.08 4.06±1.08 0.00 0.978 
Upper-Leg         
Total Mass (kg) 8.60±1.23 8.90±1.35 -0.31 0.001a 8.99±0.43 8.89±1.36 0.10 0.200 
Lean Mass (kg) 5.30±0.62 5.66±0.75 -0.36 <0.001a 5.79±0.74 5.70±0.74 0.09 0.094 
Fat Mass (kg) 3.08±0.80 3.02±0.78 -0.07 0.069 2.97±0.83 2.95±0.84 0.02 0.454 
Compartmental         
Anterior         
Total Mass (kg) 2.22±0.43 2.33±0.35 -0.10 0.125 2.23±0.44 2.30±0.44 -0.07 0.130 
Lean Mass (kg) 1.49±0.27 1.61±0.23 -0.13 0.007a 1.55±0.27 1.59±0.26 -0.04 0.249 
Fat Mass (kg) 0.67±0.21 0.65±0.19 0.02 0.487 0.61±0.21 0.64±0.22 -0.03 0.173 
Posterior         
Total Mass (kg) 2.93±0.39 3.07±0.43 -0.13 0.106 2.98±0.45 2.96±0.45 0.02 0.647 
Lean Mass (kg) 1.90±0.19 2.02±0.21 -0.13 0.036a 1.98±0.24 1.97±0.28 0.01 0.844 





Abbreviations: ACLR, anterior cruciate ligament reconstruction group; INV, involved leg; NINV, non-involved leg; CON, control 




Table 2. Mean (±SD) Isokinetic Dynamometry Measures for Matched vs. Contralateral Legs of ACLR and Control Groups 
Measures 
Within-Group Between-Group 




















Contralateral)      
Extension                 
60°/sec 
(Nm/kg) 1.36±0.31 1.71±0.36 <0.001
a 1.77±0.40 1.72±0.32 0.5645 0.0097a 0.9277 
120°/sec 
(Nm/kg) 1.06±0.27 1.24±0.33 0.0028
b 1.36±0.32 1.35±0.23 0.8922 0.0194 0.3599 
Flexion                 
60°/sec 
(Nm/kg) 0.97±0.19 1.04±0.15 0.0218
a 1.05±0.17 1.01±0.20 0.1659 0.3722 0.7439 
120°/sec 
(Nm/kg) 0.71±0.23 0.75±0.18 0.1663 0.81±0.16 0.74±0.14 0.0100 0.2471 0.8693 
 
Abbreviations: ACLR, anterior cruciate ligament reconstruction group; CON, control group; INV, involved leg; NINV, non-involved 




Table 3. Mean (±SD) Between-Leg Squat Jump Comparisons Within and Between ACLR and Control Groups 
Measures 
Within-Group Between-Group 
ACLR CON ACLR vs. CON 

















Peak Force (N) 296±45 375±55 0.0004a 372±88 365±87 0.5907 0.0152a 0.7364 
RFD (avg.) (N/s) 1059±406 1164±368 0.2345 1422±725 1356±686.3 0.1575 0.1695 0.3814 
RFD (peak) (N/s) 2499±723 2512±573 0.9531 3368±1366 3669±1919 0.3973 0.0797 0.0820 
S-Gradient (N/s) 1367±767 1880±888 0.0346 1971±856 2043±1030 0.6736 0.0793 0.6969 
A-Gradient (N/s) 1049±324 1134±315 0.3960 1591±1081 1364±866 0.0307 0.1150 0.3768 
 
Abbreviations: ACLR, anterior cruciate ligament reconstruction group; CON, control group; INV, involved leg; NINV, non-involved 
leg; RFD (avg.), average rate of force development; RFD (peak), peak rate of force development; S-Gradient, starting gradient; A-
Gradient, acceleration gradient. 
Note: Between-group comparisons made between ACLR INV leg vs. CON Matched leg, ACLR NINV leg vs. CON Contralateral leg. 




Table 4. Mean (±SD) Double Leg Squat Jump Measures Between ACLR and Control 
Groups 
Measures ACLR  CON  Mean Difference p-value 
Peak Force (N) 664±78 726±164 -61.9 0.2414 
RFD (avg.) (N/s) 2182±677 2670±1363 -487.8 0.2839 
RFD (peak) (N/s) 4393±1087 6572±2995 -2179.1 0.0422 
S-Gradient (N/s) 3015±1329 3915±1755 -899.5 0.1791 
A-Gradient (N/s) 2131±479 2757±1763 -626.5 0.2660 
Jump Height (m) 0.24±0.07 0.26±0.07 -0.02 0.4450 
Jump Height Ratio 0.47±0.25 1.23±0.76 0.76 0.0053b 
 
Abbreviations: ACLR, anterior cruciate ligament reconstruction group; CON, control 
group; RFD (avg.), average rate of force development; RFD (peak), peak rate of force 
development; S-Gradient, starting gradient; A-Gradient, acceleration gradient. 
a Primary outcome significant at p<0.05. 







Figure 1. Anterior (Panels A&B) and Posterior (Panels C&D) Compartmental Limb 
Symmetry Index Calculations for Each ACLR and Control Athlete 
Note: Each ACLR athlete and individually-matched control are represented on the same 
row. The solid black vertical line on each panel represents the mean limb symmetry index 






Figure 2. Upper-leg (Panels A&B) and Total-leg (Panels C&D) Limb Symmetry Index 
Calculations for Each ACLR and Control Athlete 
Note: Each ACLR athlete and individually-matched control are represented on the same 
row. The solid black vertical line on each panel represents the mean limb symmetry index 





Figure 3. Relationship of Compartmental Lean Mass and Isokinetic Peak Torque in the 
ACLR Group’s Involved (INV) and Non-Involved (NINV) Legs and in the Control 
Group’s Matched and Contralateral Legs During Extension at 60°/sec (Panel A) and 








Figure 4. Relationship of Total-leg Lean Mass and Peak Force Produced During the 
Squat Jump in the ACLR Group’s Involved (INV) and Non-Involved (NINV) Legs and 


























Research Results and Implications 
While muscle function assessments have commonly been used within the sport 
performance and rehabilitation settings to monitor athletes’ training and rehabilitation 
progress, lower extremity lean mass has been more recently evaluated for this purpose. 
However, most current literature has reported examining these measures independently. 
Additionally, few studies have examined the relationship between asymmetries in 
contralateral lean mass and muscle function—despite the utility that examining this 
association may have for lower extremity injury risk assessment. This dissertation offered 
a more detailed understanding of the relationship between leg lean mass and muscle 
function via utilization of a novel lateral DXA scanning method for quantifying upper-leg 
compartmental lean mass. Observations demonstrated the importance of examining 
contralateral and ipsilateral upper-leg lean mass asymmetries, using DXA, in relation to 
strength/force, allowing for a more detailed analysis of relative muscle functionality.  
First, the agreement of the lateral DXA scanning method compared to the standard 
total-body frontal DXA scanning method was assessed on a Hologic Horizon A scanner. 
While this method previously demonstrated accuracy in quantifying lower extremity body 
composition compared to measurements of equal area in the standard frontal view when 
using a GE Lunar iDXA (Raymond et al., 2017), this dissertation’s first study did not 
observe agreement between lateral and frontal view measurements when using the Hologic 
Horizon A scanner. These observations cautioned use of this scanner when examining leg 




method on DXA scanner models made by different manufacturers. Therefore, observations 
warranted the GE Lunar iDXA’s exclusive use for this dissertation’s subsequent studies.  
Second, in a healthy collegiate athlete sample, the association between lateral view 
upper-leg compartmental (i.e., anterior/posterior) lean mass and muscle-specific and 
explosive strength were assessed. Further, these relationships were compared to 
associations observed between the preceding strength/force measures and total- and upper-
leg lean mass measured in the frontal DXA scanning view. Observations indicated 
moderate-to-strong relationships between anterior and posterior upper-leg lean mass and 
(a) isokinetic extensor and flexor peak torque, respectively, and (b) squat jump height and 
force production. These lateral view associations were similar in strength to those observed 
in the frontal scanning view. Observations indicated the feasibility of utilizing the lateral 
segmentation method to more comprehensively assess relationships between lean mass in 
smaller ROIs and muscle-specific and explosive strength—assessments offering utility in 
examining asymmetries possibly increasing athletes’ injury risk. 
Finally, in a matched case-control study, differences in lean mass and muscle-
specific and explosive strength between (a) the involved and non-involved legs of ACLR 
adolescent female athletes one-year post-reconstruction and (b) matched legs of ACLR and 
control athletes were examined. Further, relationships between (a) compartmental lean 
mass versus isokinetic peak torque and (b) total-leg lean mass versus squat jump force 
production were assessed. Observations revealed significant deficits in lean mass, 
isokinetic extensor peak torque, and squat jump force production in the ACLR involved 




ACLR athletes’ legs versus matched controls. These observations indicated significant 
muscle dysfunction in both ACLR athletes’ legs. This investigation also provided a more 
in-depth analysis of location-specific deficits in this population—important for clinicians 
to consider when designing and modifying individualized training and rehabilitation 
programs to reduce lean mass and functional asymmetries, perhaps decreasing secondary 
ACL injury risk. 
This dissertation established that leg lean mass measured using the lateral 
segmentation method on a GE Lunar iDXA can be used concurrently with muscle-specific 
strength (e.g., isokinetic dynamometry) and force production (i.e., jump mechanography) 
measurements to examine healthy and ACLR athletes’ relative muscle functionality. 
Future Research 
 Although this dissertation provided a more detailed analysis of DXA-measured lean 
mass’s moderate-to-strong relationship with muscle-specific strength and force production, 
in addition to elucidating how ACLR athletes’ involved leg lean mass deficits may impair 
muscle function, future studies should examine longitudinal changes in the relationship 
between lean mass and strength/force during athletes’ training and rehabilitation programs. 
Presently, it is unknown how the association between lean mass and (a) isokinetic peak 
torque and (b) jump mechanography-derived force production change in response to 
training and rehabilitation. Further, as neuromuscular activation/control has demonstrated 
relationships with ACLR athletes’ muscle dysfunction, future studies should examine 




during isokinetic and jump mechanography testing, allowing for assessment of the 
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